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During  the  contract  new  designs  of  electrooptic  signal  processors 
were  made  from  nonlinear  optical  polymers.  These  systems  were  based 
upon  the  latest  lowest  loss  polymers  available  and  involved  a  novel 
system  of  serial  modules.  The  first  implementation  of  these  devices 
included  ring  resonators  [1],  analog-to-digital  conversion  [2]  and  single 
sideband  optical  links  [3].  These  are  discussed  in  the  paper  [4]  by  Seo  on 
Optical  Signal  Processor  using  electrooptic  waveguides. 

One  of  the  major  demonstrations  of  this  OSP  approaches  was  the 
linear  and  parallel  cascading  of  devices  to  improve  modulation  linearity 
and  SFDR.  The  design  was  published  [5]  fabricated  and  tested  [6].  The 
testing  showed  that  significant  improvement  could  be  obtained  by  these 
techniques  but  that  the  material  did  not  have  the  required  electrooptic 
capabilities  and  transmission  to  make  many  cascaded  sections. 

The  next  step  was  to  try  to  increase  the  electrooptic  coefficient 
using  laser  alignment  techniques.  This  was  effective  in  increasing  the 
number  of  aligned  chromophores  and  improving  performance.  The  paper 
[7]  on  this  however  showed  that  the  material  still  was  not  sufficiently 
active,  relative  to  its  transmission,  in  our  OSP  applications. 

Therefore  we  moved  on  to  newer  InP  based  semiconductors  using 
Quantum  Dots.  In  this  case  the  nonlinear  electrooptic  properties  come 
from  the  Quantum  Confined  Stark  effect  and  can  be  tailored  to  our 
specific  wavelengths  and  use.  The  key  elements  including  the  MMIs, 
resonant  rings,  and  multilevel  structures  that  we  designed  for  the 
Polymer  systems  can  all  be  transferred  directly  to  the  InP  devices. 

We  have  made  and  reported  the  first  of  these  InP  modulation 
devices  [8]  and  find  that  they  have  impressive  high  frequency 
performance.  In  an  effort  to  further  improve  the  OSP  systems  we  have 
recently  looked  at  coupled  Quantum  Dots  which  significantly  increase 
the  electrooptic  performance.  This  is  currently  in  the  process  of 
submission  [8]. 

Our  conclusion  from  this  study  is  that  a  new  generation  of  Optical 
signal  processing  devices  is  coming  based  upon  our  designed  and 
fabricated  linear  modulators.  These  devices  will  operate  at  tens  of  GHz 
and  be  significantly  faster  and  more  capable  than  any  electronic  systems. 
From  our  testing  of  the  polymer  based  devices  we  have  found  that  newer 
materials  are  required  to  realize  this  potential.  The  Quantum  Dot 
systems  look  extremely  promising  in  our  study  and  we  believe  that  this 
will  form  the  basis  of  the  next  generation  of  OSP  systems. 
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A  more  simple  photonically  assisted  analog-to-digital  conversion  system  utilizing  a  cw  multiwavelength 
source  and  phase  modulation  instead  of  a  mode-locked  laser  is  presented.  The  output  of  the  cw  multiwave¬ 
length  source  is  launched  into  a  dispersive  device  (such  as  a  single-mode  fiber).  This  fiber  creates  a  pulse 
train,  where  the  central  wavelength  of  each  pulse  corresponds  to  a  spectral  line  of  the  optical  source.  The 
pulses  can  then  be  either  dispersed  again  to  perform  discrete  wavelength  time  stretching  or  demultiplexed 
for  continuous  time  analog-to-digital  conversion.  We  experimentally  demonstrate  the  operation  of  both  time 
stretched  and  interleaved  systems  at  38  GHz.  The  potential  of  integrating  this  type  of  system  on  a  mono¬ 
lithic  chip  is  discussed.  ©  2008  Optical  Society  of  America 
OCIS  codes:  070.1170,  060.5060. 


Photonically  assisted  techniques  of  analog-to-digital 
conversion  (ADC)  have  attracted  significant  interest 
owing  to  the  broad  bandwidth  and  low  signal  losses 
in  the  optical  domain  [1].  Recently,  there  have  been  a 
number  of  developments  in  photonically  assisted 
ADC  systems  utilizing  time  stretch,  where  the  signal 
under  test  (SUT)  is  ultimately  slowed  in  time  (and 
hence  compressed  in  bandwidth)  by  photonic  means 
[2] .  This  technique  permits  the  observation  and  digi¬ 
tization  at  extremely  high  sampling  rates,  up  to 
terasamples  per  second  to  date  [3] .  Alternatively,  this 
technique  allows  the  use  of  inexpensive  lower-speed 
ADC  equipment  when  utilized  on  an  SUT  of  only 
moderate  frequency  content. 

However,  most  all-fiber  photonically  assisted  ADC 
systems  to  date  require  a  sophisticated  and  expen¬ 
sive  mode-locked  laser  as  the  optical  source.  In  this 
Letter,  we  propose  and  demonstrate  experimentally  a 
photonically  assisted  time-stretch  analog-to-digital 
system  operating  in  the  millimeter-wave  regime  that 
employs  a  cw  multiwavelength  source  and  single- 
frequency  phase  modulation.  We  also  propose  and 
demonstrate  a  high-frequency  ADC  interleaved  type 
system  (for  continuous  time  ADC)  that  utilizes  a  cw 
multiwavelength  source  and  single-frequency  modu¬ 
lation.  The  use  of  a  cw  source  and  phase  modulator  in 
place  of  a  mode-locked  laser  found  in  conventional 
schemes  allows  for  greater  system  flexibility  while 
reducing  complexity,  cost,  and  easing  the  optical 
source  performance  requirements. 

Figure  1  depicts  the  proposed  discrete  wavelength 
time-stretch  system.  This  system  includes  a  signifi¬ 
cant  simplification  to  the  previously  proposed  system 
in  [2]  by  employing  a  cw  multiwavelength  source, 
single-frequency  electro-optic  phase  modulation,  and 
fiber  dispersion  in  place  of  a  broadband  mode-locked 
laser,  wavelength  multiplexers,  and  finely  tailored 
delay  lines.  Sinusoidal  phase  modulation  at  fre¬ 
quency  fm  produces  a  waveform  with  increasing  and 
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decreasing  instantaneous  frequencies  as  a  function  of 
time.  After  dispersion,  various  frequency  components 
will  travel  at  different  group  velocities  and  will 
“bunch  up”  to  create  pulses  with  a  repetition  period 
of  T=l/fm,  given  the  right  dispersion  [4]. 

The  same  fiber  used  to  create  these  pulses  from  the 
phase-modulated  signal  also  acts  to  properly  sepa¬ 
rate  the  pulses  in  time.  This  method  of  delaying  the 
pulses  with  respect  to  one  another  is  not  subject  to 
the  temporal  uncertainty  of  employing  fiber-optic  de¬ 
lay  lines.  The  wavelength  spacing  AX,  fiber  disper¬ 
sion  D ,  and  length  L1  are  chosen  so  that  pulses  of  ad¬ 
jacent  central  wavelengths  are  delayed  by  a  time 
AT=pT+  At—  AXDL1  apart,  where p  is  an  integer  and 
At  is  a  time  smaller  than  the  pulse  repetition  period 
T. 

The  pulses  are  then  launched  into  the  amplitude 
modulator  and  sample  the  SUT.  After  the  modulator, 
they  are  dispersed  again  in  a  second  shorter  spool  of 
fiber  and  detected  via  electronic  means.  Note  that  un¬ 
like  a  system  that  uses  a  mode-locked  laser,  where 
the  maximum  wavelength  separation  (and  hence 
amount  of  temporal  separation  after  dispersion)  is 
limited  by  the  spectral  bandwidth  of  the  laser,  in  the 
proposed  system  it  is  determined  by  the  wavelength 
separation  between  the  cw  spectral  lines.  Further- 


CW  RF  Signal  under  test 


(a)  (b)  (c) 


Fig.  1.  (Color  online)  Schematic  of  the  proposed  architec¬ 
ture  utilizing  a  cw  multiwavelength  source,  phase  modula¬ 
tion,  and  fiber  dispersion  in  place  of  a  mode-locked  laser. 

©  2008  Optical  Society  of  America 


October  1,  2008  /  Vol.  33,  No.  19  /  OPTICS  LETTERS  2231 


more,  there  is  no  stipulation  on  the  coherence  among 
the  spectral  lines,  and  there  is  a  modest  linewidth  re¬ 
quirement  of  each  line,  corresponding  to  the  phase 
modulation  frequency,  typically  on  the  order  of  a  few 
gigahertz. 

To  experimentally  demonstrate  this  photonic  ADC 
system,  a  commercially  available  rack  of  4  cw  diode 
lasers  in  the  1.5  jmm  wavelength  region  were  com¬ 
bined  together  into  a  single  fiber.  The  optical  signal 
was  sent  into  a  polarization  controller  and  an 
LiNb03  electro-optic  phase  modulator  with  a  V \  of 
5  V.  A  frequency  of  phase  modulation  of  8.95  GHz 
with  a  modulation  depth  of  approximately  40%  was 
used.  The  wavelength  separation  between  the  laser 
lines  was  set  to  AX  =  0.59  nm  so  that  the  pulses  were 
delayed  by  AT=120  ps=pT+Ar,  yielding  p  =  1  and  a 
pulse  spacing  Ar=7  ps  after  the  first  spool  of  fiber  of 
length  L  =  11  km.  The  pulses  generated  by  a  single  cw 
laser  and  phase  modulation  were  captured  on  an  op¬ 
tical  autocorrelator  indicating  a  near  transform- 
limited  pulsewidth  of  13  ps  [4]. 

These  pulses  were  then  launched  into  an  LiNb03 
Mach-Zehnder  modulator  biased  at  quadrature  with 
a  of  8  V  that  was  driven  by  a  38  GHz  SUT  with  a 
1.5  V  amplitude.  The  modulation  frequency  was  lim¬ 
ited  by  our  driving  electronics.  After  2.5  km  of  disper¬ 
sion  from  the  second  spool  of  single-mode  fiber,  the 
pulses  were  spaced  28  ps  apart,  yielding  a  time- 
stretch  factor  of  M= 4.  Observation  of  all  temporal 
signals  was  done  using  a  45  GHz  bandwidth  photo¬ 
detector  and  a  50  GHz  bandwidth  digitizing  sam¬ 
pling  oscilloscope.  The  observed  traces  for  the  four 
different  wavelengths  are  superimposed  on  one  trace 
as  shown  in  Fig.  2.  We  see  that,  as  expected,  the 
peaks  of  the  four  pulses  fit  to  a  sinusoid  of  approxi¬ 
mately  9  GHz,  corresponding  to  a  time-stretch  factor 
of  M=4. 

The  above  concept  has  a  limited  temporal  aperture. 
The  repetition  rate  of  each  pulse  train  corresponding 
to  a  certain  wavelength  is  equal  to  the  phase  modu¬ 
lation  frequency.  Hence,  in  the  above  experiment, 
where  an  fm  =  S.  95  GHz  phase-modulation  frequency 
was  used,  the  pulses  corresponding  to  an  individual 
wavelength  arrive  at  the  photodetector  with  a  repeti- 


Fig.  2.  (Color  online)  Observed  traces  for  the  four  different 
wavelengths  are  superimposed  on  one  trace.  The  peaks  of 
the  four  pulses  fit  to  a  sinusoid  of  approximately  9  GHz, 
corresponding  to  a  time-stretch  factor  of  M=4. 


tion  period  of  T=  111  ps,  which  defines  the  above  sys¬ 
tem’s  temporal  aperture.  In  addition,  simple  causal¬ 
ity  arguments  show  that  it  is  not  possible  to  sustain 
time  stretching  for  an  infinite  time.  To  overcome  this 
temporal  aperture  limitation,  a  number  of  time  de¬ 
multiplexing  schemes  have  been  developed  [1,3].  Fig¬ 
ure  3  shows  a  schematic  of  such  an  implementation 
that  utilizes  a  cw  multiwavelength  source  and  phase 
modulation.  In  this  system,  a  set  of  optical  pulse 
trains,  with  each  set  at  a  different  central  wave¬ 
length,  is  generated  by  electro-optic  phase  modula¬ 
tion  and  dispersion  as  before.  However,  after 
intensity  modulation,  a  wavelength  division  demulti¬ 
plexing  component  is  used  to  separate  pulse  streams 
by  central  wavelength  into  different  branches.  At  the 
end  of  each  branch,  photodetection  and  electronic 
ADC  sample  the  pulse  stream.  The  sampling  rate  of 
these  electronics  need  only  correspond  to  the  repeti¬ 
tion  rate  of  each  pulse  train,  which  is  equivalent  to 
the  phase  modulation  frequency. 

The  sampled  values  from  the  various  branches  are 
then  combined  digitally  to  reconstruct  the  original 
high-frequency  waveform.  To  obtain  these  data  in  our 
experimental  setup,  each  laser  was  turned  on  and  off 
in  succession  without  the  second  stage  of  dispersion 
in  the  system.  This  mimics  the  data  that  would  be  ob¬ 
tained  in  each  branch  if  a  WDM  were  used  and  ADC 
electronics  were  placed  in  each  branch. 

The  sampled  pulses  corresponding  to  different 
wavelength  streams  are  shown  superimposed  in  Fig. 
4.  We  see  that  the  pulses  reconstruct  the  original 
38  GHz  waveform  under  test  (dark  curve).  Applica¬ 
tion  of  the  photonic  ADC  analysis  given  by  Valley  [1] 
indicates  an  ADC  quantization  of  2.5  effective  num¬ 
ber  of  bits  (ENOB),  which  can  be  increased  by  the  ad¬ 
dition  of  optical  and  electrical  gain  in  this  system.  Ul¬ 
timately,  this  system  is  subject  to  the  same 
fundamental  limitations  on  ENOB  (—10  bits  for  mod¬ 
erate  optical  power  levels  between  10  and  100  mW) 
as  described  by  Valley. 

Only  a  portion  of  the  waveform  was  obtained  be¬ 
cause  only  four  different  pulses  exist  owing  to  the  use 
of  only  four  cw  lasers.  Since  the  pulse  spacing  among 
pulses  of  different  wavelengths  is  approximately  At 
=  7  ps,  and  the  repetition  period  for  a  pulse  stream  of 
a  given  wavelength  is  1/8.95  GHz=112  ps,  approxi¬ 
mately  15  branches  would  be  needed  to  create  a 


Fig.  3.  Extension  of  the  above  concept  to  continuous  time 
photonic  ADC. 
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Fig.  4.  (Color  online)  Sampled  pulses  superimposed  onto 
one  trace.  The  pulse  streams  corresponding  to  different 
central  wavelengths  are  shown  in  different  colors  and  re¬ 
construct  the  original  38  GHz  waveform  under  test  (dark 
curve). 

multiwavelength  pulse  stream  for  continuous  time 
operation.  This  is  practically  feasible  since  laser 
banks  consisting  of  tens  of  wavelengths  are  commer¬ 
cially  available  owing  to  the  use  of  such  laser  banks 
in  present-day  WDM  optical  networks. 

The  highest  sampling  frequency  achievable  is 
mainly  determined  by  the  pulse  spacing.  To  the  first 
order,  the  pulses  right  after  sampling  should  be  no 
closer  than  half  their  width,  determined  by  the  ap¬ 
proximation  rmin  —  0.7/2 Sfm,  where  the  modulation 
index  S=7r(Va/V7T)  and  Va  is  the  amplitude  of  the 
phase  modulating  waveform  [4].  Typically,  the  fre¬ 
quency  of  modulation  fm  is  limited  to  the  detection 
speed  of  the  electronic  ADC  (approximately  —20  GHz 
using  present-day  technology).  In  the  systems  above, 
a  modulation  index  of  8=  tt  and  a  driving  frequency  of 
/m  =  8.95GHz  were  used,  corresponding  to  rmin 
— 12  ps  in  agreement  with  the  autocorrelation  men¬ 
tioned  above.  Since  each  cycle  of  the  SUT  requires 
two  samples,  in  accordance  with  the  Nyquist  sam¬ 
pling  theorem,  the  above  systems  are  capable  of  sam¬ 
pling  electronic  signals  with  a  frequency  content  up 
to  —80  GHz.  This  is  evident  in  Figs.  2  and  4,  since  a 
single  cycle  of  the  38  GHz  waveform  is  sampled  by  all 
four  pulses. 

A  modest  increase  of  phase  modulation  rf  driving 
power  to  slightly  below  the  damage  threshold  of  the 
integrated  LiNb03  phase  modulator  (approximately 
1  W)  yields  a  pulse  width  of  —5  ps,  corresponding  to 
a  sampling  frequency  of  200  GHz.  In  addition,  modu¬ 
lation  depths  of  <5=44  rad  using  multiple-pass  micro- 
wave  resonant  phase  modulators  have  been  previ¬ 
ously  achieved  [5].  This  type  of  modulation  depth 
would  correspond  to  a  sampling  frequency  content 
exceeding  500  GHz.  Additionally,  in  place  of  several 
lasers  multiplexed  together  as  employed  above,  a 
single  multiwavelength  source  can  be  used  instead.  A 
number  of  easily  implemented  multiwavelength 
sources  at  the  telecommunications  wavelength  of 


Output  to  I 

PDs  and  L 

ADCs 

Fig.  5.  (Color  online)  Potential  monolithic  implementation 
of  the  system  described. 

1.55  jmm  with  equal  mode  spacing  and  amplitude  us¬ 
ing  an  erbium-doped  fiber  have  been  recently  pro¬ 
posed  [6,7]. 

Furthermore,  this  system  can  be  implemented  on  a 
single  monolithic  chip  as  illustrated  in  Fig.  5.  A 
single  cw  laser  source  is  first  launched  into  an 
electro-optic  phase  modulator.  The  phase  modulator 
is  driven  at  the  pulse  repetition  frequency,  fm,  and  a 
higher  driving  frequency.  This  higher  driving  fre¬ 
quency  will  create  equally  spaced  frequency  compo¬ 
nents  in  the  spectral  domain  and  hence  act  as  the 
multiple  laser  lines  that  are  spaced  by  AX  mentioned 
above.  This  signal  is  then  launched  into  a  dispersive 
element,  such  as  a  fiber  Bragg  grating  that  acts  to 
create  the  pulse  stream,  similar  to  the  first  spool  of 
dispersive  fiber  in  the  above  system.  Afterward,  the 
pulse  stream  samples  the  SUT  in  the  Mach-Zehnder 
modulator.  Finally,  a  spatially  dispersive  element, 
such  as  an  arrayed  waveguide  grating  (AWG),  routes 
pulses  of  different  central  wavelengths  to  separate 
ADC  branches.  The  data  obtained  from  the  ADCs  are 
then  processed  in  the  digital  domain  to  reconstruct 
the  sampled  SUT.  Such  an  implementation  would 
make  photonically  assisted  ADC  of  signals  into  the 
hundreds  of  gigahertz  readily  accessible  in  a  compact 
and  inexpensive  integrated  chip.  This  type  of  system, 
in  both  the  integrated  or  discrete  (such  as  those  dem¬ 
onstrated  above),  offer  a  more  simple  and  robust  al¬ 
ternative  to  the  conventional  use  of  a  mode-locked  la¬ 
ser  and  fixed  delay  lines.  This  development  can 
ultimately  be  employed  for  numerous  applications, 
such  as  test  and  measurement  and  radar,  where  fast 
electrical  waveforms  need  to  be  sampled  in  an  easy 
and  flexible  manner. 
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Abstract — A  single-sideband  coherent  analog  optical  link  is  im¬ 
plemented  using  a  null-biased  Mach-Zehnder  (MZ)  intensity  mod¬ 
ulator  followed  by  a  narrowband  optical  bandpass  filter.  The  fi¬ 
delity  performance  of  such  a  link  is  compared  between  cases  with 
X-cut  and  Z-cut  MZ  LiNbCL  modulators.  It  is  shown  that  for  the 
case  of  Z-cut  modulators,  the  converted  radio-frequency  output 
contains  higher  nonlinear  distortions.  Under  the  same  operating 
condition,  the  spurious-free  dynamic  range  of  an  X-cut  link  out¬ 
performs  that  of  a  Z-cut  link  by  2.6  dB. 

Index  Terms — Coherent  optical  link,  electrooptic  modulation, 
intermodulation  distortion,  suppressed  carrier. 


Fig.  1 .  Schematic  of  the  SS  coherent  analog  optical  link.  MZM:  Mach-Zehnder 
modulator  biased  at  null.  SS  Filter:  optical  bandpass  filter  that  selects  only  one 
of  the  sidebands.  LO:  local  oscillator  derived  from  the  input  laser.  Balanced 
detection  scheme  is  used. 


I.  Introduction 

MOST  of  the  analog  optical  links  [1]  installed  to  date 
are  designed  to  operate  in  the  intensity-modulation  and 
direct-detection  mode  owing  to  its  ease  of  implementation. 
When  a  LiNbOg  Mach-Zehnder  (MZ)  intensity  modulator 
[2]  is  chosen  for  this  type  of  link  as  the  signal  encoder,  it  is 
often  true  that  the  static  modulator  bias  is  set  at  the  quadrature 
point  in  order  to  maximize  the  linear  signal  gain  and  null  the 
second-order  nonlinear  distortion  at  the  same  time.  In  addition, 
it  is  also  often  desirable  to  use  high  optical  power  at  the  modu¬ 
lator  input  port,  to  obtain  better  link  performance. 

One  serious  drawback  that  is  intrinsically  associated  with  the 
quadrature  bias  and  high  optical  input  power  is  the  large  compo¬ 
nent  of  the  unsuppressed  optical  carrier  presented  at  the  modu¬ 
lator  output  port.  The  strong  residue  carrier  component  will  lead 
to  several  problems  such  as  limited  transmission  distance  set  by 
the  fiber  Kerr-nonlinearity  [3],  and  photocurrent  nonlinear  dis¬ 
tortion  set  by  the  photodiode  small  illumination  area  [4] .  These 
problems  can  be  alleviated  using  the  concept  of  carrier  suppres¬ 
sion  with  the  additional  benefit  of  improved  spurious-free  dy¬ 
namic  range  (SFDR)  [5],  [6].  Experimentally,  carrier  suppres¬ 
sion  has  been  demonstrated  using  either  a  low-biased  MZ  mod¬ 
ulator  [5],  or  a  quadrature-biased  MZ  modulator  followed  by  an 
optical  notch  filter  [7]. 

An  alterative  approach  that  takes  the  advantage  of  the  concept 
of  a  coherent  link  is  to  generate  a  single-sideband  (SS)  optical 
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signal  for  transmission  at  the  transmitter  end  and  use  a  local  os¬ 
cillator  (LO)  for  coherent  detection  at  the  receiver  end  [8],  [9]. 
By  generating  an  SS  signal,  the  carrier  is  suppressed  and  the 
nonlinearity  related  problems  can  be  eliminated.  Note  that  when 
compared  with  the  low-bias  link,  although  the  SS  coherent  de¬ 
tection  link  complicates  the  system  implementation,  the  poten¬ 
tial  applications  can  still  benefit  from  several  unique  advantages 
including  the  cancellation  of  nearly  maximized  second-order 
distortion,  the  removal  of  the  strong  SFDR  sensitivity  on  the 
modulator  bias,  and  the  integratability  with  a  balanced  detec¬ 
tion  scheme  for  better  signal-to-noise  ratio  and  a  factor  of  two 
enhancement  of  the  maximum  power  handling  capacity. 

We  report  here  a  study  of  the  effect  of  MZ  modulator  wave¬ 
guide  layout  (X-cut  or  Z-cut)  on  the  fidelity  performance  of  SS 
coherent  analog  link.  The  major  distortion  considered  in  this 
work  is  the  third-order  intermodulation  (IMD3)  which  exits  per¬ 
sistently  with  the  signal  inside  the  same  band.  We  show  that 
other  than  the  low-bias  direct-detection  case  [5],  [6],  when  an 
SS  coherent-detection  scheme  is  used  [8],  [9],  X-cut  MZ  mod¬ 
ulators  exhibit  advantages  in  terms  of  achieving  higher  SFDR 
values.  In  general,  the  state  of  the  art  design  of  the  Z-cut  modu¬ 
lator  gives  about  1  dB  less  insertion  loss  and  about  2  dB  higher 
electrooptic  response  than  the  X-cut  one  [2]. 

II.  Link  Analysis 

A  schematic  of  our  SS  coherent  optical  link  is  illustrated  in 
Fig.  1.  The  output  of  a  continuous-wave  laser  is  connected  to 
the  input  of  an  MZ  intensity  modulator.  The  MZ  modulator  is 
statically  biased  at  the  null  position  in  order  to  maximize  the  op¬ 
tical  power  of  the  first-order  sidebands  and  minimize  the  optical 
power  of  the  input  carrier.  The  suppressed-carrier  double- side¬ 
band  output  is  sent  to  an  optical  bandpass  filter  to  select  out 
only  one  of  the  first-order  sidebands  and  reject  all  the  others. 
The  generated  SS  signal  is  combined  with  an  LO  at  the  receiver 
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(a)  (b) 

Fig.  2.  Waveguide  layout  of  an  (a)  X-cut  and  a  (b)  Z-cut  MZ  modulator. 


end  through  a  3-dB  coupler.  Note  that  in  this  work  the  LO  is 
derived  from  the  input  laser  and  thus  our  coherent  link  is  homo¬ 
dyne  based.  Balanced  detection  is  used  to  maximize  the  con¬ 
verted  radio-frequency  (RF)  signal  and  to  cancel  the  laser  rela¬ 
tive  intensity  noise  and  other  distortions. 

We  start  our  analysis  by  first  examining  the  output  field  of 
a  null-biased  MZ  modulator  with  frequency  chirp  effect  being 
included.  The  frequency  chirp  effect  is  related  to  the  symmetry 
consideration  of  the  modulator  waveguide  layout.  As  we  show 
in  Fig.  2,  for  the  case  of  X-cut  MZ  modulators,  due  to  the  even 
nature  of  the  waveguide  arrangement,  the  modulation  depths 
experienced  by  the  two  MZ  arms  are  equal.  However,  for  the 
case  of  Z-cut  MZ  modulators,  the  broken  balance  between  the 
left  and  right  arms  leads  to  unequal  modulation  responses.  In 
general,  the  modulation  depth  difference  can  be  characterized 
using  the  frequency  chirp  parameter  a  defined  as  a  =  (mi  — 
m2) / (mi  -\-rn2),  where  mi  and  m2  represent  the  absolute  value 
of  modulation  depth  of  MZ  arm  1  and  2,  respectively.  For  X-cut 
modulators  a  «  0  and  for  Z-cut  modulators  a  «  0.7  [2]. 

Denoting  the  MZ  modulator  input  power  as  Pq,  the 
common-mode  modulation  depth  as  m  —  (mi  +  m 2)/2, 
and  the  modulation  frequency  as  <jm,  the  slow- varying  ampli¬ 
tude  of  a  null-biased  MZ  modulator  with  symmetric  Y-splits 
reads 


A  = 


VPo 


2 


+00 


X  {Jn  [(1  +  a)m] 


-Jn[-(  1  -  a)m}} 


.m r 

UlLJmt  + 1  — 

e  2  . 


(1) 


Using  the  identity  Jn(x)  =  Jn(—x)  which  holds  for  even  n, 
one  finds  that  for  null-biased  Z-cut  modulators  (nonzero  chirp 
parameter  a),  the  carrier  and  even  order  sidebands  will  not  be 
perfectly  cancelled  once  the  modulation  is  turned  ON,  i.e.,  when 
m  /  0.  There  will  be,  however,  complete  cancellation  in  the 
case  of  the  X-cut  modulator. 

The  SS  optical  signal  is  then  generated  by  selecting  out  only 
the  +lst-order  sideband  of  (1)  using  a  narrowband  filter  with 
an  insertion  loss  of  7.  This  SS  signal  is  further  combined  with 
an  LO  signal  with  optical  power  Plo  through  a  3-dB  coupler  to 
give  a  slow-varying  envelop 

A±  ~  V2ftoe±t$  +  VhP 

x  {J\  [(1  +  a)m\  +  J\  [(1  —  a)m]}  eXUJrnt 
~  +;§  y/lryPp 

~  2  '  A 

{  (1  +  3a2)m3 

xr — § — 

where  the  subscripts  =b  refer  to  the  amplitude  seen  by  the  two 
detectors  shown  in  Fig.  1  respectively.  From  (2),  it  is  evident  that 


a  Z-cut  link  has  more  third-order  optical  nonlinear  product  (the 
m3  term)  than  that  of  an  X-cut  link.  This  increased  third-order 
optical  nonlinear  component  of  a  Z-cut  link  will  then  give  rise 
to  larger  IMD3  in  the  RF  domain. 

To  analyze  the  IMD3  performance  of  our  coherent  link,  we 
apply  the  technique  of  the  two-tone  test.  Following  the  standard 
procedures  [1],  the  signal  power  Prf  and  IMD3  power  Pimd3 
after  balanced  detection  are  calculated  as 

^Prf  =  2  ‘  *  7^o^lo  •  (3) 

PiMD3  =  (1  2)2  •  V2R  •  iPoPlo  •  m 6  (4) 

where  r]  is  the  photodiode  conversion  efficiency  and  R  is  the 
photodiode  load  resistance. 

We  are  thus  led  to  the  main  conclusion  drawn  from  this  work: 
for  SS  coherent  optical  analog  links,  the  RF  IMD3  power  of  a 
Z-cut  is  approximately  7.9  dB  higher  (calculated  using  a  =  0.7) 
than  that  of  an  X-cut.  As  a  result,  the  SFDR  of  a  Z-cut  link  will 
be  2.6  dB  worse  than  that  of  an  X-cut  link,  assuming  all  the  other 
conditions  are  the  same. 

III.  Experimental  Results 

Experiments  were  conducted  to  verify  the  analysis  outlined 
in  the  previous  section.  The  setup  is  shown  in  Fig.  1.  A  narrow 
linewidth  1550-nm  semiconductor  laser  was  used  as  the  light 
source  of  the  coherent  link.  An  erbium-doped  fiber  amplifier 
was  employed  to  boost  the  power  to  ~  100  mW  before  the  MZ 
modulator.  Two  LiNbO  3  MZ  modulators  were  tested  in  the 
setup  as  the  optical  signal  generator,  of  which  one  is  X-cut  and 
the  other  is  Z-cut.  The  X-cut  modulator  has  an  insertion  loss  of 
3.1  dB  and  an  RFI4  of  4.5  V  while  the  Z-cut  modulator  has  an 
insertion  loss  of  2.0  dB  and  an  RF  of  4.4  V.  (Note  that  the 
specification  differences  were  compensated  in  all  the  following 
experiments  by  applying  different  optical  and  RF  power  into 
the  modulators.)  To  generate  the  SS  signal,  an  optical  bandpass 
filter  (insertion  loss  6  dB)  was  used  to  select  the  upper  (n  = 
+1)  sideband.  The  optical  bandpass  filter  has  a  full- width  at 
half-maximum  of  1  GHz  and  an  SS  suppression  ratio  of  40  dB 
if  the  baseline  modulation  frequency  is  chosen  around  10  GHz. 

At  the  receiver  end,  the  LO  signal  is  generated  by  tapping 
out  a  fraction  percent  of  the  light  from  the  amplifier  output.  The 
narrow  linewidth  (<200  kHz)  of  the  light  source  and  the  short 
path  length  difference  (<  5  m)  guarantees  an  excellent  coherent 
relationship  between  the  SS  signal  and  LO  signal.  A  balanced 
photodetector  was  used  to  convert  light  into  current.  To  max¬ 
imize  the  beating  signal,  a  polarization  controller  was  placed 
before  the  3-dB  coupler. 

Optical  spectrum  of  null-biased  X-cut  and  Z-cut  modulators 
were  first  measured.  The  results  were  plotted  in  Fig.  3.  It  can  be 
seen  that  when  the  RF  modulation  is  turned  ON,  a  Z-cut  modu¬ 
lator  generates  higher  even  order  sidebands  than  an  X-cut  and 
the  optical  carrier  is  no  longer  well  suppressed.  This  is  a  result 
caused  by  Z-cut’ s  nonzero  frequency  chirp  parameter  a  as  pre¬ 
dicted  by  (1).  Note  that  the  incomplete  suppression  of  the  optical 
carrier  without  RF  modulation  is  due  to  the  finite  MZM  extinc¬ 
tion  ratio  (>40  dB),  and  has  negligible  effect  on  the  link  perfor¬ 
mance  when  balanced  detection  (common-mode  subtraction)  is 


1550 


IEEE  PHOTONICS  TECHNOLOGY  LETTERS,  VOL.  20,  NO.  18,  SEPTEMBER  15,  2008 


Fig.  3.  Measured  optical  spectrum  of  (a)  a  null-biased  X-cut  modulator  and 
(b)  Z-cut  modulator.  Solid  line  corresponds  to  the  case  with  RF  modulation. 
Dashed  line  corresponds  to  the  case  without  RF  modulation. 


Fig.  6.  Fundamental  and  IMD3  RF  power  as  a  function  of  input  RF  power  for 
SS  coherent  optical  link  employing  (a)  X-cut  modulator  and  (b)  Z-cut  modulator 
measured  at  10  GHz.  Solid  square:  signal  power.  Solid  circle:  IMD3  power. 
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Fig.  4.  Measured  optical  spectrum  of  SS  ( n  —  + 1 )  signal  employing  (a)  X-cut 
modulator  and  (b)  Z-cut  modulator  with  two-tone  modulation.  The  frequency  of 
the  two  tones  were  10  and  13  GHz,  respectively. 
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Fig.  5 .  Measured  RF  spectrum  of  SS  coherent  optical  link  employing  (a)  X-cut 
modulator  and  (b)  Z-cut  modulator  with  two-tone  modulation.  The  zero  on  the 
x-axis  corresponds  to  10  GHz  (average  frequency  of  the  two  tones). 


used.  By  carefully  fitting  Fig.  3  using  (1),  the  a  parameter  of  the 
Z-cut  modulator  is  determined  to  be  0.72. 

Two-tone  measurements  were  subsequently  carried  out  to  in¬ 
vestigate  the  link  fidelity  performance.  In  Fig.  4,  we  plot  the 
optical  spectrum  of  the  first-order  (n  =  +1)  sidebands  of  the 
X-cut  and  Z-cut  modulator  when  the  two-tone  signal  is  applied. 
It  is  clear  that  the  Z-cut  modulator  generates  more  IMD3  power 
in  the  optical  domain.  However,  limited  by  the  optical  spec¬ 
trum  analyzer  resolution  (0.01  nm),  the  IMD3  difference  cannot 
be  quantitatively  determined  using  optical  measurements  from 
Fig.  4.  This  difficulty  can  be  overcome  by  converting  the  light 
into  current.  As  we  show  in  Fig.  5,  the  IMD3  power  differs  by 


approximately  8.4  dB,  in  good  agreement  with  the  theoretical 
predication  of  7.9  dB. 

SFDR  was  measured  by  averaging  over  multiple  sets  of  RF 
data  points  collected  with  X-cut  and  Z-cut  modulators.  The  re¬ 
sults  are  summarized  in  Fig.  6.  The  LO  current  was  fixed  at  2  mA 
for  each  balanced  detection  photodiode.  This  gives  a  shot-noise 
limited  noise  floor  of  —168  dBm/Hz  seen  by  the  RF  spectrum 
analyzer.  The  measured  SFDR  for  the  X-cut  and  Z-cut  SS  co¬ 
herent  link  are  1 14.4  and  1 1 1 .6  dB  -Hz2/3  respectively,  revealing 
a  2.8-dB  difference  obtained  experimentally. 

IV.  Conclusion 

We  have  shown  that  for  the  SS  coherent  optical  link,  the  wave¬ 
guide  layout  structure  of  the  MZ  modulator  is  crucial  in  de¬ 
termining  the  link  fidelity  performance.  Specifically,  an  X-cut 
modulator  link  gives  2.6-dB  SFDR  improvement  over  a  Z-cut 
link  and,  therefore,  is  the  preferred  choice  for  high  SFDR  oper¬ 
ation. 
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Abstract — We  have  investigated  an  optical  signal  processor 
using  electro-optic  polymer  waveguides  operating  at  a  wavelength 
of  1.55  fi m.  Due  to  recent  developments,  many  useful  optical 
devices  have  become  available  such  as  optical  filters,  modulators, 
switches,  and  multiplexers.  It  will  be  useful  to  have  a  single  optical 
device,  which  is  reconfigurable  to  implement  all  of  these  func¬ 
tions.  We  call  such  a  device  an  “optical  signal  processor,”  which 
will  play  a  similar  role  to  digital  signal  processors  in  electrical 
circuits.  We  realize  such  an  optical  device  in  a  planar  lightwave 
circuit.  Since  the  planar  lightwave  circuits  are  based  on  the  mul¬ 
tiple  interference  of  coherent  light  and  can  be  integrated  with 
significant  complexity,  they  have  been  implemented  for  various 
purposes  of  optical  processing  such  as  optical  filters.  However, 
their  guiding  waveguides  are  mostly  passive,  and  the  only  viable 
mechanism  to  reconfigure  their  functions  is  thermal  effects,  which 
is  slow  and  cannot  be  used  for  high-speed  applications  such  as 
optical  modulators  or  optical  packet  switches.  On  the  other  hand, 
electro-optic  polymer  has  a  very  high  electro-optic  coefficient  and 
a  good  velocity  match  between  electrical  and  optical  signals,  thus, 
permitting  the  creation  of  high-speed  optical  devices  with  high 
efficiency.  Therefore,  we  have  implemented  a  planar  lightwave 
circuit  using  the  electro-optic  polymer  waveguides.  As  a  result,  the 
structure  is  complex  enough  to  generate  arbitrary  functions  and 
fast  enough  to  obtain  high  data  rates.  Using  the  optical  signal  pro¬ 
cessor,  we  investigate  interesting  applications  including  arbitrary 
waveform  generators. 

Index  Terms — Electrooptic  waveguides,  optical  filter,  optical 
signal  processor  (OSP),  ring  resonator. 


I.  Introduction 

THE  structure  and  features  of  the  investigated  optical  signal 
processor  (OSP)  are  based  on  optical  delay  line  circuits 
or  planar  lightwave  circuits  (PLC)  in  a  more  general  term.  Op¬ 
tical  delay  line  circuits  have  been  intensively  studied  for  last 
few  decades.  A  number  of  different  structures  have  been  pro¬ 
posed  and  demonstrated  both  theoretically  and  experimentally 
with  many  useful  applications  such  as  optical  filters  [1]— [5], 
multi/demultiplexers  used  in  wavelength  division  multiplexing 
(WDM)  systems  [6],  dispersion  compensators  [2],  [7],  pulse 
code  generators  [8],  and  convolution  calculators  [8]. 
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In  early  days  of  optical  delay  line  circuit  research,  optical 
fiber  was  widely  used  as  an  optical  signal  delay  line  medium  be¬ 
cause  of  its  low  loss  and  low  dispersion  characteristics  [8].  How¬ 
ever,  the  optical  signals  using  optical  fibers  are  mostly  treated 
as  incoherent,  because  it  is  difficult  to  adjust  the  lengths  of  the 
optical  delay  lines  with  wavelength  order  accuracy.  The  shortest 
delay  line  has  to  be  longer  than  the  coherent  length  of  the  optical 
source.  The  signal  processing  dealing  with  incoherent  optical 
signals  has  only  positive  coupling  coefficients  because  only  op¬ 
tical  power  coupling  is  considered  [9],  [10].  As  a  consequence, 
its  applications  are  limited.  For  example,  the  transfer  functions 
that  can  be  implemented  with  only  positive  coefficients  are  very 
limited  and  only  allow  the  realization  of  low-pass  filters  [9] . 

To  overcome  this  limitation  and  have  negative  coefficients, 
several  methods  have  been  proposed.  Some  use  optical  ampli¬ 
fiers  [9],  while  others  use  a  differential  photo-detection  scheme 
[10].  Among  these  solutions,  one  of  the  most  promising  and 
effective  ways  to  have  negative  coefficients  is  using  coherent 
interference  in  optical  waveguides.  Optical  delay  line  circuits 
using  coherent  interference  utilize  optical  phase  as  well  as  op¬ 
tical  power,  and  hence  can  express  arbitrary  coefficients.  This 
enables  the  processing  of  signals  in  a  more  general  way.  Further¬ 
more,  optical  delay  line  circuits  based  on  optical  waveguides 
are  intrinsically  smaller  than  using  fibers.  In  addition,  the  delay 
length  can  be  precisely  determined  so  that  it  can  effectively 
handle  high-speed  broadband  signals.  Optical  signals  processed 
in  waveguide  result  in  more  stable  operation  since  they  are  less 
sensitive  to  external  perturbation. 

Considerable  amount  of  work  using  optical  waveguides  has 
been  done  to  implement  optical  delay  line  circuits.  Most  of  them 
use  silica-based  waveguides  [6],  [1 1]— [14].  The  advantages  of 
silica-based  waveguide  circuits  include  low  propagation  loss 
(0.01  dB/cm),  good  fiber  coupling  loss  (0.1  dB  for  low  index 
contrast  waveguides),  and  ease  of  defining  complex  structures 
such  as  AWGs  and  Mach-Zehnder  arrays.  However,  they  are  ba¬ 
sically  passive  structures.  The  only  viable  phase  control  mecha¬ 
nism  intrinsically  available  is  the  thermooptic  modulation  of  the 
index,  which  is  slow  (<  few  MHz)  and  inconvenient.  Because 
of  their  slow  modulation  characteristic,  an  optical  delay  line  cir¬ 
cuit  with  silica-based  waveguides  cannot  be  used  for  high-speed 
operations  such  as  modulators  and  optical  packet  switches. 

On  the  other  hand,  the  electrooptic  polymer  is  an  excellent 
electrooptic  material  with  a  high  Pockels’  coefficient  and  has 
a  good  optical/microwave  velocity  match.  The  capability  of 
the  materials  has  already  been  demonstrated  for  a  period  of 
years  implementing  high-speed  amplitude  modulators  and 
phase  modulators  with  low  half-wave  voltages,  a  digital  optical 
switch,  and  more  complex  devices  such  as  photonic  radio 
frequency  phase  shifters  [15]-[20].  In  addition  to  generating 
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Fig.  1 .  Example  block  diagrams  of  OSP  circuits.  The  input  is  split  into  multiple 
waveguides.  The  individual  optical  signal  experiences  equally  different  time  de¬ 
lays  represented  by  Z_1,  and  amplitude  and  phase  changes  represented  by  the 
a k ,  bklck,  and  dk  coefficients.  At  the  output  port,  they  are  combined  again  to 
generate  an  output  signal,  (a)  Transverse  form,  (b)  Lattice  form. 


arbitrary  and  complex  functionality  by  employing  PLC  struc¬ 
tures,  use  of  the  electrooptic  polymer  OSP  permits  operation  at 
high  speed.  Therefore,  not  only  an  electrooptic  polymer  OSP 
can  be  used  for  the  same  applications  as  a  PLC,  but  the  OSP  is 
also  well  suited  for  high-speed  devices  and  applications. 


similar  way,  the  response  of  backward  feeding  arms  is  called 
infinite  impulse  response  (HR)  since  it  is  infinite.  The  number 
of  the  forward  feeding  arms  and  of  backward  feeding  arms 
represent  the  order  of  FIR  and  HR,  respectively.  The  origin  of 
this  terminology  is  from  the  digital  filter  theory  in  electronics 
[22].  According  to  this  theory,  any  arbitrarily  response  can  be 
obtained  when  FIR  and  HR  are  combined  together.  The  order 
of  FIR  and  HR  is  associated  with  how  arbitrary  an  OSP  can 
describe  the  response. 

Several  physical  values  are  important  for  characterizing  an 
OSP.  These  are  the  unit  delay  time,  r,  and  the  number  of  arms 
that  split  or  combine  light  (TV  and  M  in  Fig.  1(a)).  The  unit 
delay  time  of  an  OSP  is  analogous  to  the  sampling  time  in  dis¬ 
crete  time  signal  processing.  It  represents  a  time  resolution  for 
the  OSP  to  process  a  signal.  Due  to  this  time  resolution,  the  fre¬ 
quency  response  of  an  OSP  is  periodic  and  the  period  is  propor¬ 
tional  to  1/r.  This  period  is  called  the  free  spectral  range  (FSR). 
The  number  of  optical  splitting  and  combining  arms  determines 
the  spectral  resolution  of  the  OSP  within  an  FSR.  As  the  number 
of  arms  increases,  a  sharper  frequency  response  can  be  obtained 
and  hence  a  more  arbitrary  response  is  possible.  In  that  sense,  it 
is  analogous  to  the  number  of  eigenfunctions  in  the  frequency 
domain  because  the  overall  frequency  response  of  an  OSP  is  a 
response  combination  of  the  individual  arms. 

If  x{t)  and  y(t)  denote  the  input  and  output  signal,  respec¬ 
tively,  an  OSP  performs  as  an  operator  to  transform  x(t )  into 
y(t).  Several  modes  can  be  used  for  describing  an  OSP.  The 
first  method  is  to  use  a  characteristic  equation,  already  shown  in 
Fig.  1(a).  If  an  OSP  has  the  M  number  of  forward  feeding  arms 
and  the  TV  number  of  backward  feeding  arms,  the  characteristic 
equation  of  the  processor  can  be  generally  written  as  (1) 

N  M 

y(t)  ~^2bny(t  -  nr)  =  ^2  amx(t  -  mr)  (1) 

n= 1  m= 0 


II.  OSP  Theory 

The  fundamental  enabling  concept  of  the  OSP  stems  from  the 
multiple  and  temporal  interference  of  delayed  optical  signals. 
By  controlling  the  amplitude  and  the  phase  of  the  interfered  sig¬ 
nals,  the  optical  signal  can  be  processed  in  any  arbitrary  way. 
Example  block  diagrams  of  OSP  circuits  are  shown  in  Fig.  1. 
The  input  optical  signal  is  launched  on  the  left  side  and  split 
into  multiple  waveguides.  The  individual  optical  signal  experi¬ 
ences  equally  different  time  delays  represented  by  r  and  Z_1  in 
the  diagrams,  and  amplitude  and  phase  changes  represented  by 
the  dk,bk,Ck,  and  dk  coefficients.  At  the  output  port  located  on 
the  right  side  of  the  diagram,  they  are  combined  again  to  gen¬ 
erate  an  output  signal. 

Two  typical  configuration  structures  are  distinguished; 
transversal  form  [21]  and  lattice  form  [4],  [5]  as  can  be  seen  in 
Fig.  1(a)  and  (b),  respectively.  The  transversal  form  is  a  parallel 
structure  since  the  signal  is  processed  in  a  parallel  way,  while 
the  lattice  form  is  a  serial  structure  where  signals  are  processed 
in  series.  If  we  define  a  waveguide  branch  arm ,  an  arm  can  be 
classified  into  two  types:  forward  feeding  arm  and  backward 
feeding  arm.  Since  the  response  of  forward  feeding  arms  is 
finite  in  time,  it  is  called  finite  impulse  response  (FIR).  In  a 


where  the  coefficients,  am  and  bn ,  stand  for  the  amplitude  and 
phase  changes  of  the  rath  forward  feeding  arm  and  the  nth  back¬ 
ward  feeding  arm,  respectively.  The  coefficients  are  complex 
values  in  general  because  the  signals,  x(t)  and  y(t),  stand  for 
coherent  optical  fields,  and  thus  have  both  amplitude  and  phase. 
The  amplitude  and  the  phase  of  a  coefficient  correspond  to  the 
amplitude  and  phase  change  of  an  individual  signal. 

The  second  method  for  describing  this  system  is  the  transfer 
function  representation.  In  general,  the  coefficients,  am  and  bn, 
and  the  delay  time,  r,  in  (1)  can  be  functions  of  time  as  well  if  we 
change  (or  modulate)  those  parameters  in  time.  If  their  varying 
rate  is  comparable  to  that  of  the  optical  signal  such  as  in  elec¬ 
trooptic  polymer  waveguides,  their  time-dependent  effect  must 
be  considered.  We  sometimes  apply  time-varying  signals  to  the 
time-delay  lines  to  effectively  change  r  in  our  experiments  in 
Section  VI.  However,  we  assume  that  the  time- varying  rate  is 
small  enough  or  the  delay  control  mode  (defined  later  in  this 
section)  is  only  considered  in  the  OSP  operation  in  this  paper.  In 
this  case,  the  OSP  becomes  a  linear  system  and  is  similar  to  the 
digital  filter  in  many  ways.  Indeed,  the  OSP  has  the  same  trans¬ 
mission  characteristics  and  features  as  those  of  a  corresponding 
digital  filter.  Therefore,  the  conventional  Z  transform  analysis, 
which  is  frequently  used  with  digital  filters,  can  be  applied  to 
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the  analysis  of  the  OSP.  In  Z  transformation,  the  transfer  func¬ 
tion  is  represented  as  the  rational  functions  of  Z. 

If  we  calculate  the  Fourier  transformation  of  (1)  with  respect 
to  the  eigenfunctions  of  eipujt,  where  p  is  any  integer  and  uj  is 
the  optical  angular  frequency  and  replace  the  e~^T  with  Z_1, 
we  obtain  the  transfer  function,  H(Z),  in  the  Z  domain 


H(Z)  = 


EM  n  7~™ 

m= 0  amZJ 

1  —  En=l  bnZ 


(2) 


where  Z_1  (=  e_JCJT )  stands  for  one  unit  delay  in  the  Z  domain. 

Another  convenient  and  more  visual  way  to  describe  an  OSP 
is  to  use  a  pole/zero  diagram  [23] .  Because  the  transfer  function, 
H(Z ),  is  a  complex  function  of  the  complex  variable,  Z,  the 
value  of  H(Z)  can  be  plotted  on  the  complex  Z  space.  The  zeros 
are  the  Z  values  which  make  H(Z)  =  0,  and  the  poles  are  the 
ones  that  make  \H(Z)\  =  oo.  Then,  another  form  of  H(Z)  can 
be  written  as 


H(Z)  =  A 


nf=i(i-7 it-1) 


(3) 


where  pi  and  7 j  are  the  it h  zero  and  jth  pole,  and  A  is  the 
amplitude  factor. 

In  general,  the  coefficients,  am  and  bn,  and  the  delay  time,  r, 
in  (1)  can  be  functions  of  time  as  well  as  the  input  light  signal. 
Three  different  methods  are  possible  to  operate  the  OSP,  de¬ 
pending  on  which  parameters  are  used  for  optical  processing. 
They  are  the  coefficient  control  mode ,  delay  control  mode ,  and 
frequency  control  mode. 

The  coefficient  control  mode  performs  optical  processing  via 
controlling  the  coefficients,  am  or  bn.  When  a  typical  contin¬ 
uous  wavelength  light  is  input,  the  output  light  can  be  processed 
by  modulating  or  controlling  these  coefficients.  The  delay  con¬ 
trol  mode  is  via  controlling  the  delay  time,  r.  For  a  continuous  or 
varying  wavelength  light  input,  the  delay  time  can  be  controlled 
or  modulated  to  generated  processed  output  light.  The  frequency 
control  mode  utilizes  frequency  dependence  of  the  OSP  due  to 
its  delay  lines. 

Most  PLC  structures  using  silica  waveguides  regard  the  coef¬ 
ficients  and  the  delay  time  as  constant  variables,  since  their  con¬ 
trolling  method  (mostly  thermal  tuning)  is  much  slower  than  the 
optical  light  signal.  Therefore,  the  silica  waveguides  mostly  use 
the  frequency  control  mode  for  their  optical  signal  processing, 
such  as  in  optical  filters  [2],  [7],  [21].  However,  if  the  time- 
varying  or  modulating  rate  of  the  coefficients  or  the  delay  time  is 
comparable  to  the  propagation  of  the  optical  signal  through  the 
OSP,  such  as  in  electrooptic  polymer  waveguides,  their  time-de- 
pendent  effect  will  be  useful  and  should  be  considered. 

We  investigate  the  OSP  applications  using  the  delay  control 
mode  rather  than  the  frequency  control  mode  or  the  coefficients 
control  mode  when  we  discuss  its  applications  in  Section  VI. 
If  the  frequency  control  mode  is  used  in  an  OSP  with  the  elec¬ 
trooptic  polymer  waveguides,  the  OSP  can  tune  such  optical  fil¬ 
ters  much  faster.  However,  the  filter  performance  will  be  lim¬ 
ited  if  electrooptic  polymers  are  used  in  place  of  silica  wave¬ 
guides  due  to  its  intrinsic  optical  loss.  Furthermore,  operating 
our  polymer  OSP  in  the  coefficients  control  mode  is  not  partic¬ 
ularly  interesting.  The  OSP  we  investigate  is  classified  into  the 
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Fig.  2.  Unit  block  of  OSP.  It  is  a  two-port  input  and  two-port  output  system 
consisting  of  a  symmetric  Mach-Zehnder  interferometer  and  a  racetrack  struc¬ 
ture.  Four  electrodes  control  the  locations  of  a  zero  and  a  pole. 


lattice  form  the  structure.  In  the  lattice  form  structure,  the  Ck 
and  dk  coefficients  in  Fig.  1(b)  are  complex  functions  of  actual 
electrical  biases,  which  makes  it  difficult  to  find  the  relation¬ 
ship  between  its  output  function  and  the  electrical  biases  [4], 
[5].  In  addition,  we  have  not  found  any  useful  and  unique  appli¬ 
cations  using  this  mode  partly  because  the  optical  loss  in  poly¬ 
mers  limits  the  performance  of  the  OSP  building  blocks. 

One  can  find  that  the  frequency  control  mode  is  based  on  the 
same  principle  as  the  delay  control  mode.  In  (2),  the  delay  time 
r  and  the  optical  frequency  u  are  multiplied  together.  There¬ 
fore,  either  affects  the  transfer  function  in  the  same  way.  We  can 
change  the  delay  time  using  the  electrooptic  effect  with  a  fixed 
input  optical  frequency  (wavelength)  or  the  optical  frequency 
can  be  changed  using  a  fixed  delay  time.  Either  approach  will 
generate  the  same  output  response.  This  is  the  basic  concept  for 
the  arbitrary  waveform  generator ,  we  investigate  in  Section  VI, 
and  it  becomes  clear  with  the  driving  formula  of  (5). 

III.  OSP  Design 


A.  Structure 

Since  multiple  power  splitting  is  hard  to  obtain  and  not  effec¬ 
tive  in  the  optical  waveguide,  the  lattice  form  structure  is  con¬ 
sidered  for  the  implementation  of  our  OSP.  The  lattice  form  is  a 
series  structure  with  a  certain  type  of  a  unit  block.  The  unit  block 
which  we  have  chosen  consists  of  a  symmetric  Mach-Zehnder 
interferometer  and  a  racetrack  waveguide  as  shown  in  Fig.  2. 
“Symmetric”  means  that  the  lengths  of  the  two  waveguide  arms 
of  the  Mach-Zehnder  interferometer  are  the  same.  A  racetrack 
structure  is  used  so  that  the  straight  waveguide  section  has  an 
extended  coupling  region  for  coupling  outside  of  the  ring. 

This  unit  block,  originally  proposed  by  Jinguji  [5],  has  two 
input  and  two  output  ports.  Any  input  port  can  be  used  for  op¬ 
eration,  while  the  two  output  ports  are  related  to  each  other  by 
a  conjugate  power  relation.  A  conjugate  power  relation  means 
that  the  total  sum  of  two  output  powers  is  the  same  as  the  input 
power  if  the  system  is  lossless. 

This  structure  generates  one  zero  and  one  pole  simultane¬ 
ously.  The  degree  of  freedom  to  locate  a  zero  or  a  pole  in  the 
Z  space  is  2  because  a  zero  or  a  pole  is  a  complex  value,  and 
hence  has  both  amplitude  and  phase.  The  locations  of  the  zero 
and  the  pole  in  the  Z  space  are  controlled  by  the  four  different 
electrodes.  Note  that  t\  and  £2  are  functionally  redundant. 

A  multiple-block  OSP  consists  of  cascaded  multiple  unit 
blocks  as  shown  in  Fig.  3.  With  N  cascades  of  unit  blocks, 
our  OSP  can  generate  N  zeros  and  pole  pairs.  Therefore,  the 
degree  of  freedom  of  the  N  cascaded  OSP  is  N  x  4,  which 
are  controlled  by  N  x  4  electrodes  on  top  of  the  waveguides. 
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Fig.  3.  Multiple  structure  of  OSP.  It  consists  of  N  cascaded  unit  blocks. 

In  the  strict  sense,  the  definition  of  the  unit  block  in  Fig.  2  is 
wrong  if  the  multiple  block  is  considered.  It  should  be  one  of 
the  divided  sections  in  Fig.  3  except  the  first  block,  which  is 
just  a  configurable  coupler.  To  avoid  confusion,  we  name  the 
structure  in  Fig.  2  as  a  “one-block  OSP”  and  one  of  the  divided 
sections  in  Fig.  3  as  a  “unit  block.” 

The  unit  block  contains  two  configurable  couplers  and  two 
phase  shifters.  They  are  the  “splitting  coupler,”  the  “racetrack 
coupler,”  the  “Mach-Zehnder  phase  shifter,”  and  the  “racetrack 
phase  shifter,”  labeled  as  U,  fr,  </>m,  and  </>r,  respectively,  shown 
in  Fig.  2.  They  are  used  for  configuring  one  zero  and  one  pole 
generated  by  a  unit  block  and  controlled  by  microstrip  elec¬ 
trodes  located  on  top  of  the  waveguides  via  the  electrooptic 
effect. 

In  order  to  have  a  useful  phase  shift  at  the  racetrack  phase 
shifter,  the  perimeter  of  the  racetrack  must  be  large  enough.  On 
the  other  hand,  the  round  trip  loss  of  the  racetrack  will  be  too 
large  if  the  perimeter  is  large.  Therefore,  we  design  the  radius  of 
the  racetrack  to  be  1.2  mm.  The  interaction  lengths  of  the  race¬ 
track  coupler  and  the  splitting  coupler  are  designed  as  2  mm 
and  6  mm,  respectively.  The  detail  design  parameters  of  the  in¬ 
dividual  building  blocks  or  components  are  discussed  later  in 
this  section. 

B.  Optical  Waveguides  and  Fabrication 

The  optical  waveguide  is  a  crucial  part  of  the  OSP.  While 
confining  the  light  inside,  it  is  the  basis  of  the  delay  lines  and 
couplers.  We  need  to  consider  two  requirements  when  selecting 
the  type  and  dimensions  of  the  waveguides.  First,  they  should  be 
highly  confined  waveguides  because  of  the  bending  structure  in 
the  racetrack.  Second,  their  confinement  is  low  enough  so  that 
a  reasonable  amount  of  energy  can  be  coupled.  Note  that  these 
two  factors  are  competing  against  each  other.  Furthermore,  the 
waveguides  should  also  be  of  single  mode  to  ensure  no  signal 
degradation  occurs  via  modal  dispersion. 

For  the  electrooptic  polymer  core  material,  DH6/APC 
(Lumera  Co.)  was  used.  Single-layer  films  of  DH6/APC  have 
shown  a  high  electrooptic  coefficient  r 33  of  70  pm/V  at  1 .3 1  pm 
[24].  For  lower  and  upper  cladding  polymers,  UV 15LV  (Master 
Bond  Co.)  and  UFC170A  (Uray  Co.)  are  used.  The  indexes  at 
1.55  pm  of  the  core  are  measured  to  be  1.61,  and  the  lower 
and  upper  claddings  have  been  measured  to  be  1.51  and  1.49, 
respectively  [25]. 

We  consider  the  inverted  rib  waveguide  structure,  which  is 
known  to  be  effective  in  minimizing  the  scattering  loss  from 
sidewall  roughness  [26] .  Fig.  4  shows  the  cross  section  of  the  de¬ 
signed  waveguides  at  a  coupler  region.  The  rib  width,  rib  height, 
and  slab  thickness  are  designed  to  be  2  pm,  1  ^m,  and  1  pm, 
respectively.  Using  the  known  indexes  of  the  polymer  material, 


Fig.  4.  Cross  section  of  the  designed  optical  waveguide.  It  is  a  single-mode 
waveguide  whose  confinement  is  high  enough  to  support  a  1  mm  radius  bending 
yet  low  enough  to  be  coupled  to  an  adjacent  waveguide. 


Fig.  5.  Top  view  photograph  of  fabricated  devices.  The  bright  yellow  regions 
are  where  the  driving  electrodes  are  located.  The  rectangular  shape  electrodes 
are  DC  pads  for  electric  connections  using  DC  contact  probes. 

we  numerically  calculate  the  propagation  modes,  optical  cou¬ 
pling,  and  bending  loss  for  this  optical  waveguide  structures  and 
find  that  this  waveguide  can  support  1  pm  bending  with  negli¬ 
gible  bending  loss  and  yet  can  couple  effectively  to  an  adjacent 
waveguide.  Similar  waveguide  structures  using  similar  polymer 
materials  are  also  used  in  [27],  where  bending  waveguides  with 
a  1  mm  bending  radius  have  a  loss  of  approximately  4  dB/cm 
at  1.3  pm.  Optical  waveguide  modes  were  simulated  by  a  com¬ 
mercial  software  package,  Fimmwave  (Photo  Design  Inc.).  Both 
numerical  simulations  and  experiment  show  that  this  waveguide 
supports  a  single  mode. 

Fig.  5  shows  the  top  view  photograph  of  the  fabricated  de¬ 
vice.  The  bright  regions  (yellow  if  colored)  are  where  the  driving 
electrodes  are  located.  The  rectangular  shape  electrodes  are  DC 
pads  for  electric  connections  by  DC  contact  probes.  Note  that 
high-frequency  design  features  are  not  considered  in  this  work. 

C.  Waveguide  Bending 

There  are  three  different  optical  loss  mechanism  in  optical 
waveguides:  material  loss,  scattering  loss,  and  bending  loss.  Ma¬ 
terial  loss  is  power  loss  absorbed  inside  the  material  due  to  ab¬ 
sorptions  and  imperfections  in  the  bulk  waveguiding  material. 
Scattering  loss  is  due  to  imperfect  surface  roughness  scattering 
at  the  interface  of  the  core  and  cladding  in  both  straight  and 
curved  waveguides.  Bending  loss  is  power  leakage  when  the 
waveguide  is  bent  and  primarily  determined  by  the  waveguide 
confinement  factor. 

In  calculating  the  bending  loss  of  a  bending  waveguides, 
several  approaches  have  been  used.  Yamamoto  and  Koshiba 
[28],  used  the  finite  element  method  (FEM)  for  the  computa¬ 
tional  window  of  the  bending  waveguides  and  found  the  steady 
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state  solution  of  an  outgoing  leaky  wave,  where  the  leaky  wave 
was  depicted  by  the  Henkel  function  of  the  second  kind  [28]. 
Even  though  this  method  calculates  a  very  rigorous  solution, 
the  computation  time  can  be  long  due  to  recursive  iterations. 
The  perfectly  matched  layer  (PML)  has  also  been  used  for 
calculating  the  bending  loss  [29].  The  advantages  of  the  PML 
method  include  that  the  formulation  is  based  on  Maxwell’s 
equations  rather  than  a  modified  set  of  equations,  and  that  the 
application  to  the  finite  difference  time  domain  (FDTD)  method 
is  more  computationally  efficient,  and  that  it  can  be  extended  to 
nonorthogonal  and  unstructured  grid  techniques.  However,  it  is 
difficult  and  critical  to  find  a  perfectly  matched  layer  boundary 
condition. 

We  use  the  finite  different  method  (FDM)  and  conformal 
transformation  technique  [30]  in  order  to  find  the  optimal 
radius  and  the  bending  loss  of  the  bending  waveguide.  The  zero 
boundary  condition  is  assumed  for  all  the  boundaries  except 
the  leaky  side  of  the  waveguide  (where  the  energy  is  leaking). 
In  the  leaky  side,  we  apply  a  plane-wave  boundary  condition 
[31].  As  a  result,  we  calculate  the  bending  loss  as  0.02  dB/cm 
when  the  bending  radius  is  1  mm.  This  bending  loss  is  much 
smaller  than  the  propagation  loss  of  the  straight  waveguide. 
Therefore,  we  ignore  the  bending  loss  if  the  bending  radius  is 
larger  than  1  mm. 

D.  Configurable  Couplers 

The  cross  section  of  the  configurable  couplers  is  shown  in 
Fig.  4.  The  waveguides  are  located  sep  distance  apart.  The  en¬ 
ergies  carried  by  the  two  waveguides  are  coupled  to  each  other. 
The  driving  electrode  on  top  of  only  one  waveguide  applies  an 
electric  field  to  change  the  refractive  index  of  the  waveguide  and 
to  tune  the  amount  of  coupling.  In  order  to  optimize  the  opera¬ 
tion  of  the  configurable  couplers,  the  waveguide  separation  and 
their  interaction  length  should  be  designed  properly. 

We  have  utilized  the  change  in  the  velocity  match  for  the  cou¬ 
pling  mechanism  rather  than  the  change  in  the  overlap  of  the 
modes.  By  a  change  in  the  index  due  to  the  applied  electric  field, 
both  effects  will  influence  the  coupling  coefficients.  The  refrac¬ 
tive  index  of  the  electrooptic  core  material  used  is  around  1.6, 
and  its  maximum  index  change,  we  have  utilized  in  this  work, 
is  around  1  x  10-4.  Using  numerical  waveguide  modal  simula¬ 
tions,  we  have  found  that  the  velocity  match  effect  is  much  more 
dominant  than  modal  overlapping  change  with  this  small  index 
change. 

We  have  two  different  types  of  configurable  couplers  for  the 
OSP  structure.  We  name  them  the  “racetrack  coupler”  and  the 
“splitting  coupler.”  The  racetrack  coupler  is  located  at  the  in¬ 
terface  between  the  straight  waveguide  and  the  racetrack  wave¬ 
guide  and  is  labeled  as  tr  in  Fig.  2.  The  splitting  couplers  are 
located  in  and  out  of  the  Mach-Zehnder  structure  and  are  la¬ 
beled  as  t\  and  £2  in  Fig.  2. 

The  purpose  of  the  racetrack  coupler  is  to  tune  the  amount 
of  resonance  in  the  racetrack  and  hence  to  configure  the  ampli¬ 
tude  of  the  pole.  There  are  two  requirements  for  the  racetrack 
coupler.  First  is  that  its  interaction  length  should  be  small  to  re¬ 
duce  the  optical  loss.  Since  the  total  optical  round  trip  loss  of 
the  racetrack  includes  the  optical  loss  of  the  racetrack  coupler, 
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it  is  important  to  minimize  its  optical  loss,  and  hence  the  inter¬ 
action  length.  Second  is  that  it  should  be  designed  at  the  critical 
coupling  state  of  the  racetrack.  Since  the  racetrack  is  most  sen¬ 
sitive  to  the  tuning  of  the  racetrack  coupler  in  its  critical  cou¬ 
pling  state  [32],  it  would  be  ideal  that  the  transmission  coeffi¬ 
cient  ( tr )  of  the  racetrack  coupler  is  matched  to  the  round  trip 
loss  factor  (grt)  of  the  racetrack.  The  round  trip  loss  factor  of 
the  racetrack  is  expected  to  be  around  0.6-0. 7.  Therefore,  the 
racetrack  coupler  should  be  compact  in  size  and  designed  such 
that  its  transmission  coefficient  ( tr )  becomes  around  0.6-0. 7. 
Using  optical  simulation,  we  design  its  interaction  length  and 
separation  near  2  mm  and  4.5  pm,  respectively. 

The  splitting  coupler  is  for  controlling  the  energy  splitting  be¬ 
tween  two  branches  of  light  at  the  input  port  and  to  the  output 
port.  Since  the  splitting  couplers  tune  the  location  of  the  zero, 
they  should  be  as  configurable  as  possible.  Using  optical  simula¬ 
tion,  we  design  its  interaction  length  and  separation  near  6  mm 
and  5.1  pm,  respectively. 

IV.  One-Block  OSP  Analysis 

As  discussed  earlier,  the  one-block  OSP  generates  a  single 
zero  and  a  single  pole  simultaneously.  The  degrees  of  freedom 
to  locate  a  zero  or  a  pole  in  the  Z  space  is  two  since  a  zero  or  a 
pole  is  a  complex  value,  and  thus  has  both  amplitude  and  phase. 
Their  locations  in  the  Z  space  are  controlled  by  the  four  dif¬ 
ferent  electrodes  shown  by  the  shaded  bars  (red  if  colored)  in 
Fig.  2.  With  N  cascades  of  the  unit  block,  an  OSP  can  generate  N 
number  of  zero  and  pole  pairs  as  shown  Fig.  3.  The  poles  of  the 
whole  OSP  system  are  the  same  as  those  of  the  individual  unit 
blocks.  On  the  other  hand,  the  zeros  of  the  whole  system  are  not 
the  same  as  those  of  the  unit  blocks  since  both  the  output  power 
and  the  conjugated  power  of  a  unit  block  are  cascaded  to  the  next 
unit  block  by  coupling  each  other.  Because  of  this  problem,  it 
is  not  trivial  to  identify  the  zeros  of  a  multiply  cascaded  struc¬ 
ture.  Jinguji  demonstrated  a  synthesis  algorithm  for  analyzing 
these  structures  [5].  However,  their  technique  cannot  be  applied 
generally  to  a  lossy  system  since  their  technique  assumed  that 
the  unit  structure  is  lossless.  Thus,  a  synthesis  method  for  our 
structure  that  includes  loss  factor  has  been  developed  by  modi¬ 
fying  Jinguji’ s  algorithm,  which  is  not  included  here  due  to  its 
mathematical  complexity. 

However,  dealing  with  just  an  one-block  OSP  is  relatively 
easy  and  straight  forward.  By  using  the  scattering  matrices,  we 
can  derive  the  scattering  parameters,  which  are  useful  to  under¬ 
stand  the  operation  of  the  one-block  OSP.  First,  before  deriving 
the  scattering  matrices,  we  define  the  scattering  matrices  of  the 
individual  components.  And  then,  we  cascade  their  matrices  to 
find  the  scattering  matrices  of  the  entire  one-block  OSP.  Having 
defined  the  individual  scattering  matrices  for  the  one-block  OSP, 
the  scattering  matrix,  S,  for  an  one-block  OSP  shown  again  in 
Fig.  6  is  the  multiplication  of  the  individual  scattering  matrices 

S  =  S1S2S3=(Sn  Sn)  (4) 

V^12  ^22  J 

where  S\  and  S 3  are  the  scattering  matrices  for  the  two  split¬ 
ting  couplers,  and  S2  is  the  Mach-Zehnder  section  as  shown  in 
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Fig.  6.  Unit  block  of  OSP  with  appropriate  symbols  for  mathematical  anal¬ 
ysis.  The  individual  scattering  matrix  transfer  function  consists  of  two  different 
terms.  One,  labeled  as  “ Path  A/”  is  associated  with  the  light  beam  which  propa¬ 
gates  through  the  racetrack  and  the  other,  labeled  as  ‘  ‘ Path  B  is  with  the  light 
beam  which  propagates  through  the  other  Mach-Zehnder  arm. 


Fig.  6.  The  calculation  is  straightforward,  and  the  scattering  pa¬ 
rameters  can  be  summarized  as 


Sim  — 


where 


t*  -  aKTejruje^ 
trOL  RT&TUJ>&^r 


Path  A 


- Rime 


Path  B 


(5) 


an  —  aia2ar(-\-l)tit2 
ck  12  =  aia2ar(—  j)tiC2 
a2i  =  aia2ar(—j)cit2 
a22  =  aia2ar(—l)ciC2 

Rn  =  (-1)^  —  — 

1 1  t>2  ar 

R12  =  (+1)  —  %  —  e-jT^ej^ 
1 1  ar 

R21  =  (+1)  — —  — e_JTcaV^" 
ci  t2  ar 

R22  = 

ci  C2  ar 


(6) 


where  t  and  c  (|£|2  +  |c|2  =  1)  are  the  transmission  and  cou¬ 
pling  ratio  of  each  coupler,  and  a  represents  the  optical  losses 
inside  the  corresponding  coupler.  r(=  rc  +  rr)  is  the  total  round 
trip  time,  and  grt(=  ckrtigv)  is  the  total  round  trip  loss.  am 
and  are  the  optical  loss  factor  and  the  phase  shift  in  the 
Mach-Zehnder  phase  shifter.  rc  and  rr  are  the  transition  time 
in  the  racetrack  coupler  and  in  the  racetrack,  grTI  and  ar  are 
the  optical  loss  factor  in  the  racetrack  coupler  and  in  the  race¬ 
track,  respectively.  The  optical  loss  factors  represent  the  electric 
field  attenuation  on  a  linear  scale  and  become  unity  in  lossless 
waveguides. 

As  seen  in  the  under  brackets  in  (5),  the  individual  scattering 
matrix  transfer  function  consists  of  two  different  terms.  One, 
labeled  as  “Path  A,”  is  associated  with  the  light  beam  which 
propagates  through  the  racetrack  and  the  other,  labeled  as  “Path 
B ,”  is  for  the  light  beam  which  propagates  through  the  other 
Mach-Zehnder  arm.  The  Path  A  and  B  terms  correspond  to  two 
paths  indicated  in  Fig.  6.  Therefore,  the  Path  A  term  contains 
the  transfer  function  of  the  racetrack  while  the  Path  B  term  is 
independent  of  the  optical  delay  line  formed  by  the  racetrack. 

The  two  terms  are  summed  at  the  output  port  depending  on 
the  coupling  ratio  of  the  two  splitting  couplers.  The  amplitude  of 


Rim  stands  for  the  normalized  intensity  of  Path  B  with  respect 
to  the  maximum  intensity  of  Path  A.  Note  that  the  amplitude 
and  the  phase  of  Path  B  beam  of  light  are  controlled  by  the 
two  splitting  couplers  and  the  </>m  electrode,  respectively  and 
that  the  transfer  function  and  the  resonant  wavelength  of  the 
racetrack  (Path  A  light  beam)  are  controlled  by  the  tr  and  the 
4>r  electrodes,  respectively.  The  mathematical  representation  in 
(5)  is  useful  for  an  intuitive  and  physical  understanding  of  the 
one-block  OSP  structure  and  it  is  used  when  we  verify  the  OSP 
experimentally  later  in  Section  V. 

Another  useful  and  more  mathematical  way  to  represent  the 
scattering  matrices  is  using  the  concept  of  poles  and  zeros.  Fur¬ 
ther  simplification  of  (5)  results  in 


Sim  —  Aim 


(1 

V  1  -  J 


(7) 


where 


A 


lm  —  aim(tr  +  Rim) 

7  =  ^RT^r 

1  -\~  tipRim 


Plm 


7 - • 

|  tr  | 2  H-  trRlm 


(8) 


All  transfer  functions  have  the  same  pole,  7,  while  p/m  is  the 
zero  obtained  from  the  5/m  scattering  matrix  element. 

Note  that  the  phase  of  7  defined  in  (7)  is  not  configurable. 
The  definition  of  the  pole  should  include  7  as  well  as  either  e^r 
or  e^T  in  (7)  because  the  two  terms  contribute  the  pole  phase. 
However,  we  define  our  pole  as  shown  in  (7)  since  it  is  con¬ 
venient  to  understand  two  similar  operation  modes  \  frequency 
control  mode  or  delay  control  mode.  In  this  way,  the  similarity 
between  two  operation  modes  of  the  OSP,  as  we  discussed  in 
Section  II,  becomes  clear.  In  the  frequency  control  mode ,  e^ru; 
term  in  (7)  is  varying  and  represents  the  unit  delay  Z_1  in  the 
Z  space.  In  this  case,  the  actual  pole  becomes  ye^r ,  thus,  the 
pole  phase  is  controlled  by  the  rf>r  electrode.  From  a  practical 
point  of  view,  the  frequency  response  of  the  OSP  is  periodic 
with  respect  to  the  FSR  and  the  response  shifts  in  the  frequency 
domain  with  respect  to  the  </>r  value.  On  the  other  hand,  in  the 
delay  control  mode ,  the  delay  is  controlled  by  e^r  in  (7),  which 
represents  the  unit  delay  Z_1  in  the  Z  space.  In  this  case,  the  ac¬ 
tual  pole  becomes  ye^T ,  thus,  the  pole  phase  is  controlled  by 
the  input  optical  frequency  (a;).  With  a  similar  analogy  from  a 
practical  point  of  view,  the  amplitude  and  phase  response  of  the 
OSP  is  periodic  with  respect  to  </>r  and  the  response  shifts  in 
the  (j)r  (or  voltage)  domain  with  respect  to  the  input  optical  fre¬ 
quency.  Note  also  that  the  phase  of  the  zero  also  depends  on  both 
parameters  in  the  same  manner.  By  changing  any  of  two  param¬ 
eters,  the  phases  of  both  pole  and  zero  are  changing  in  the  same 
amount.  However,  the  zero  has  additional  configurable  degrees 
of  freedom  such  as  ti,  £2?  and  </>m  as  seen  in  (7). 

If  the  zero  can  be  located  in  entire  space  and  the  pole  can 
be  located  in  any  region  within  the  unit  circle  in  the  Z  space, 
the  generality  condition  is  satisfied.  The  amplitude  of  a  pole  de¬ 
pends  on  the  total  round  trip  loss  factor  (grt)  and  transmission 
coefficient  of  the  racetrack  coupler  (tr)  as  seen  in  (7).  In  the 
lossless  case  when  grt  becomes  unity,  the  pole  can  be  located 
at  any  point  within  the  unit  circle  if  tr  can  be  adjusted  from  0 
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Fig.  7.  Experimental  setup  and  spectral  response  of  a  racetrack  which  has  the 
same  design  as  the  OSP  used.  The  free  spectral  range  (FSR),  extinction  ratio, 
finesse,  and  (7-factor  are  measured  0.12  nm  (15.5  GHz),  18  dB,  3.36,  and  4.34  x 
104,  respectively,  (a)  Experimental  setup,  (b)  Measured  and  simulated  spectral 
response. 


(a) 


Fig.  8.  Experimental  setup  and  spectral  response  of  a  racetrack  when  d=2  0  V  is 
applied  to  the  racetrack  coupler.  By  fitting  the  measured  response,  we  find  that 
tr  becomes  0.535  d=  0.25  with  an  applied  voltage  to  the  racetrack  coupler  of 
d=20  V.  (a)  Experimental  setup,  (b)  Measured  spectral  response. 


to  1 .  However,  polymer  waveguides  intrinsically  have  a  certain 
amount  of  intrinsic  optical  loss  and  the  configurable  amount  of 
tr  is  difficult  to  design  to  have  complete  configurability.  In  this 
case,  the  actual  implementable  amplitude  of  the  pole  locations 
becomes  limited.  The  phase  of  the  pole  depends  on  the  optical 
phase  change  controlled  by  the  </>r  phase  shifter.  Since  the  inter¬ 
action  length  of  the  </>m  is  designed  9.12  mm,  360°  of  the  optical 
phase  change  can  be  obtain  with  applied  voltage,  hence  any  ar¬ 
bitrary  phase  of  the  pole  is  possible. 

Once  we  determine  the  pole  location,  the  zero  depends  on  the 
transmission  coefficients  of  the  splitting  couplers  and  optical 
phase  shift  in  the  Mach-Zehnder  phase  shifter  as  seen  in  (7). 
Since  the  splitting  couplers  are  designed  long  enough  to  have  as 
large  tuning  ratio  as  possible  and  the  interaction  length  for  the 
</>m  electrode  is  relatively  long  (5  mm),  the  phase  and  amplitude 
of  the  zero  can  cover  almost  entire  range  of  the  Z  space.  We 
discuss  the  generality  of  the  fabricated  OSP  with  experimental 
data  later  in  Section  V. 

V.  Components  Verification 

There  are  several  individual  components  or  building  blocks 
of  the  OSP.  They  are  the  racetracks,  configurable  couplers,  and 
phase  shifters.  The  OSP  will  function  correctly  once  all  these 
components  are  working  correctly.  Therefore,  it  is  important  to 
characterize  and  verify  the  individual  components  before  inte¬ 
grating  them.  In  order  to  verify  the  components,  we  also  fabri¬ 
cate  individual  components. 

First,  we  characterize  the  racetrack.  Fig.  7  shows  the  spectral 
response  of  a  racetrack  and  its  experimental  measurement  setup. 


The  racetrack  measured  has  the  same  design  as  the  OSP,  where 
the  bending  radius  of  the  racetrack  is  1 .2  mm  and  the  interaction 
length  of  the  racetrack  coupler  is  2  mm.  An  AQ4321D  (Ando) 
is  used  for  the  tunable  laser  source  at  1.55  ^m  with  TM  mode 
polarization  control.  As  seen  in  Fig.  7(b),  the  measurement  is 
done  in  a  0.6  nm  wavelength  span  and  the  free  spectral  range 
(FSR),  extinction  ratio,  finesse  and  (2-factor  (loaded)  are  mea¬ 
sured  0.12  nm  (15.5  GHz),  18  dB,  3.36  and  4.34  x  104,  respec¬ 
tively.  Using  these  values,  the  effective  group  refractive  index, 
gr t  value,  tr  value,  total  round  trip  optical  loss  and  the  optical 
loss  inside  the  ring  are  calculated  as  1.66,  0.608,  0.535,  4.4  dB 
and  3.85  dB/cm,  respectively.  Fig.  7(b)  also  shows  the  simu¬ 
lated  spectral  response  using  these  values.  Since  the  propaga¬ 
tion  loss  of  the  straight  waveguide  is  measured  around  2  dB/cm, 
the  excess  loss  inside  the  racetrack  is  expected  to  be  from  scat¬ 
tering  loss  due  to  the  roughness  at  the  interface  between  core  and 
cladding  materials.  A  similar  propagation  loss  inside  the  race¬ 
track  has  been  obtained  using  1  mm  bending  radius  and  similar 
electrooptic  polymer  material  [27]. 

We  applied  voltages  of  ±20  V  on  the  tr  electrode  to  verify 
the  operation  of  the  racetrack  coupler  as  seen  in  Fig.  8(a). 
Fig.  8(b)  shows  the  spectral  response  while  varying  the  driving 
voltages.  The  spectral  response  when  no  voltage  is  applied  is 
shown  as  well  for  purpose  of  comparison.  As  seen  in  Fig.  8(b), 
the  response  (extinction  ratio)  is  changed  depending  on  the 
voltage.  By  fitting  the  measured  response,  we  find  that  tr 
becomes  0.535  ±0.25  with  an  applied  voltage  to  the  racetrack 
coupler  of  ±20  V.  We  also  find  that  the  local  minima  shift  with 
applied  voltage. 
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Fig.  9.  Intensity  response  of  a  racetrack  when  d=20  V  peak-to  peak  triangular 
signal  is  applied  to  the  racetrack  phase  shifter.  The  measurement  shows  that  the 
half-wave  voltage  (TV)  of  the  or  phase  shifter  is  18.3  V.  The  corresponding  r33 
coefficient  is  also  calculated  as  23  pm/V.  (a)  Experimental  setup,  (b)  Measured 
intensity. 


For  verification  of  the  racetrack  phase  shifter,  we  fix  the  input 
optical  wavelength  at  1.55  fim  and  apply  ±20  V  peak-to-peak 
triangular  signal  to  the  <j)r  electrode.  Its  experimental  setup  and 
response  are  shown  in  Fig.  9(a)  and  (b),  respectively.  The  mea¬ 
surement  shows  that  the  half-wave  voltage  (TV)  of  the  racetrack 
phase  shifter  is  18.3  V.  The  corresponding  7-33  coefficient  is  also 
calculated  as  23  pm/V. 

Two  different  types  of  couplers  are  considered  in  the  OSP  as 
we  discuss  in  Section  III.  They  are  the  racetrack  couplers  and 
the  splitting  couplers.  For  the  racetrack  couplers,  the  separation 
widths  of  4.5  fim,  4.6  fi m  and,  4.5  //m  are  considered  between 
two  waveguides  and  their  interaction  length  is  2  mm.  The  split¬ 
ting  coupler  has  a  separation  of  5.1  /im  and  interaction  length 
of  6  mm.  Fig.  10  shows  the  measured  Sn  and  Si 2  responses 
of  the  racetrack  couplers.  From  the  measured  response,  we  cal¬ 
culate  the  transmission  coefficients  for  the  couplers,  which  are 
also  shown  in  Fig.  10(d).  Comparing  to  the  simulated  coupler  in 
Section  III,  the  measurements  show  that  the  measured  transmis¬ 
sion  coefficients  are  smaller  than  the  simulated  values.  Further¬ 
more,  the  different  polarity  of  voltages  leads  to  different  output 
response  even  though  output  responses  should  be  even  functions 
with  respect  to  applied  voltages  since  the  waveguides  are  sym¬ 
metric.  This  implies  that  two  waveguides  inside  the  couplers  are 
mismatched  already  due  to  imperfect  fabrication,  which  has  also 
been  found  in  conventional  electrooptic  Mach-Zehnder  devices 
[33]. 

Fig.  1 1  shows  measured  S  n  and  Si  2  responses  of  the  splitting 
couplers.  Since  the  interaction  length  is  designed  large  enough 


(6  mm),  both  outputs  reach  their  maximum  and  minimum  inten¬ 
sities  during  the  application  of  the  triangular  voltage  waveform 
on  the  electrodes.  The  turn  on/off  voltage  of  the  splitting  coupler 
is  30  V  and  its  extinction  ratio  is  approximately  10  dB,  implying 
that  its  transmission  coefficient,  or  can  be  configurable  be¬ 
tween  0.4  and  0.9  with  an  applied  voltage  of  30  V. 

The  Mach-Zehnder  phase  shifter  (or  </>m  phase  shifter) 
is  for  tuning  the  phase  of  Path  B  in  Fig.  6.  For  verification 
of  the  Mach-Zehnder  phase  shifter,  we  also  apply  a  ±20  V 
peak-to-peak  triangular  signal  to  the  </>m  electrode.  Its  ex¬ 
perimental  setup  and  response  are  shown  in  Fig.  12(a)  and 
(b),  respectively.  The  measurement  shows  that  the  half-wave 
voltage  ( Vjt )  of  the  Mach-Zehnder  phase  shifter  is  33  V.  The 
corresponding  7-33  coefficient  is  calculated  as  20  pm/V. 

Based  on  the  earlier  discussion  in  this  section,  we  summarize 
the  parameters  and  their  configurable  range  with  applied  volt¬ 
ages  in  Fig.  13. 

1)  The  FSR  of  the  racetrack  is  0.12  nm  (15.5  GHz)  and  the 
grt  value  is  0.608.  The  transmission  coefficient,  tr,  varies 
between  0.535-0.25  and  0.535±0.25  with  ±20  V  applied 
voltage  to  the  tr  electrode. 

2)  The  phase,  </>r,  can  be  fully  configurable  (0  to  2i r)  with 
±30  V  applied  voltage  to  the  </>r  electrode. 

3)  The  phase,  0m,  of  the  Mach-Zehnder  phase  shifter  can  be 
fully  configurable  (0  to  27r)  with  ±33  V  applied  voltage  to 
the  </>m  electrode. 

4)  The  splitting  coupler,  t\  and  can  be  configurable  be¬ 
tween  0.4  and  0.9  with  30  V. 

Based  on  measurements  summarized  in  Fig.  13  and  (7),  we 
can  find  possible  locations  of  the  pole  and  the  zero  of  the  fab¬ 
ricated  one-block  OSP.  We  find  the  amplitude  of  the  pole  |y| 
can  be  between  0.17  and  0.48  and  the  phase  of  the  pole  can  be 
fully  configured  with  either  <pr  or  uj  depending  on  the  operation 
mode.  Therefore,  the  pole  can  be  located  and  configured  inside 
the  shaded  area  in  Fig.  14. 

On  the  other  hand,  location  of  the  zero  depends  on  that  of 
the  pole.  According  to  (7),  the  zero  has  an  offset  from  the  pole; 
(1  ±  trRim) / {\tr\2  ±  trRim).  Since  this  offset  is  a  complex 
number  as  well,  it  is  a  vector  in  the  Z  space.  Location  of  the  zero 
is  determined  by  this  offset  vector.  The  offset  vector  depends  on 
two  parameters;  R /m  and  tr.  First,  assume  that  \Rim  \  is  infinity 
implying  all  the  input  light  goes  through  Path  B  and  there  is  no 
power  flow  in  Path  A.  Path  A  and  Path  B  are  shown  in  Fig.  6. 
In  this  case,  the  offset  vector  becomes  1  and  the  location  of  the 
zero  is  same  as  that  of  the  pole,  thus  the  zero  cancels  the  pole 
and  there  will  be  no  zero  and  no  pole.  If  \Rim\  is  0,  then,  the 
offset  vector  becomes  real  number  l/|tr|2  and  the  zero  will  be 
grt//*,  which  is  the  same  zero  which  the  transfer  function  of 
the  racetrack  structure  represents. 

However,  \Rim\  is  bounded  due  to  the  bounded  transmission 
coefficients  of  the  splitting  couplers.  As  in  (5),  \Rim  |  is  the  elec¬ 
tric  field  amplitude  ratio  between  Path  A  and  Path  B ,  which  is 
configured  by  the  splitting  couplers.  From  the  bounded  trans¬ 
mission  coefficients  of  the  splitting  couplers,  we  find  the  max¬ 
imum  and  minimum  values  of  \Rim\  as 

0.2  <  I Rim\  <  5 
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Fig.  10.  Experimental  measurements  of  S% ±  and  S12  scattering  parameters  for  the  different  racetrack  couplers,  (a)  Sep  =  4.5  (im.  (b)  Sep  =  4.6  (im.  (c)  Sep  = 
4.7  p.  (d)  Measured  tr. 


Fig.  11.  Experimental  measurements  of  Sn  and  S12  scattering  parameters  for 
the  splitting  coupler. 


On  the  other  hand,  the  phase  of  Rim  depends  on  c/>m.  Since  </>m 
can  be  configured  completely  from  0  to  27 r  by  ±33  V  as  shown 
in  Fig.  13,  the  phase  of  Rim  is  also  configured  completely  from 
0  to  27t.  Therefore,  the  zero  can  be  located  in  the  entire  Z  space 


except  near  two  points,  which  are  the  pole  and  the  zero  of  the 
racetrack  (ckrtA*)-  The  shaded  area  in  Fig.  15(a)  shows  con¬ 
ceptually  possible  zero  locations  when  the  pole  and  the  zero 
of  the  racetrack  are  given  as  shown.  We  use  computer  simu¬ 
lations  to  find  the  possible  locations  of  the  zeros  that  can  be 
implemented  by  the  fabricated  one-block  OSP.  Fig.  15(b),  (c) 
and  (d)  show  their  results  in  the  Z  space  when  the  pole  has  the 
minimum  (0.17),  middle  (0.325),  and  maximum  (0.48)  possible 
amplitude,  respectively.  For  three  plots,  a  dot  closer  to  the  origin 
and  the  other  dot  are  indicating  the  pole  and  the  zero  of  the  race¬ 
track,  respectively.  The  zero  cannot  be  located  inside  the  two 
circles,  which  indicate  boundaries  set  by  the  bounded  \Rim  |  •  As 
the  pole  locates  near  to  the  unit  circle,  the  zero  can  be  located 
throughout  the  entire  Z  space. 


VI.  Applications  of  OSP 

Due  to  its  intrinsic  arbitrariness,  the  OSP  can  be  used  for 
many  applications.  As  for  the  potential  high-speed  analog  ap¬ 
plications,  we  investigate  Arbitrary  waveform  generators  and 
Linearized  modulators  using  our  one-block  OSP. 
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Fig.  12.  Intensity  response  of  a  racetrack  when  a  d=20  V  peak- to  peak  trian¬ 
gular  signal  is  applied  to  the  <pm  electrode.  The  measurement  shows  that  the 
half-wave  voltage  (VV)  of  the  Mach-Zehnder  phase  shifter  is  33  V.  The  cor¬ 
responding  r33  coefficient  is  calculated  as  20  pm/V.  (a)  Experimental  setup, 
(b)  Measured  intensity. 


Fig.  13.  Summary  of  one-block  OSP.  Based  on  the  measurement  of  individual 
components,  configurable  parameters  are  summarized  with  their  configurable 
amount  and  driving  voltages. 


A.  Arbitrary  Waveform  Generator 

It  is  known  to  be  possible  to  implement  arbitrary  optical  fil¬ 
ters  using  PLC  structures  such  as  a  notch  filter,  a  linear  disper¬ 
sion  filter,  and  a  bandpass  filter  [2]-[5].  Such  filters  have  been 
experimentally  investigated  in  silica  waveguides,  where  thermal 
tuning  was  used  to  change  the  index  of  refraction.  Since  the  OSP 
employs  the  PLC  for  its  structure  and  it  is  based  on  the  fast  elec¬ 
trooptic  effect,  much  higher  data  rates  (more  than  tens  of  giga¬ 
hertz  rate)  can  be  accessible  using  the  OSP.  Therefore,  not  only 
is  the  OSP  useful  in  fast  reconfigurable  optical  filters,  but  also 
the  OSP  can  be  used  for  high-speed  arbitrary  waveform  gener¬ 
ators.  High-speed  arbitrary  waveform  generators  are  useful  for 
modulator  linearization  and  correction  of  amplifier  distortion. 
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Fig.  14.  Pole  locations  in  Z  space  which  can  be  implemented  by  one-block 
OSP.  The  amplitude  of  poles  is  bounded  from  0.17  to  0.48  while  the  pole  phase 
is  configured  from  0  to  2  tt  as  indicated  in  the  shaded  region. 


Assume  that  we  apply  a  sawtooth  signal  to  an  one-block  OSP 
at  the  fr  electrode  and  its  peak-to-peak  voltage  is  two  times  the 
half-wave  voltage  of  the  racetrack  phase  shifter.  Then,  during 
one  cycle  of  the  voltage  signal,  the  output  amplitude  response 
of  the  OSP  takes  on  the  optical  filter  shape  as  a  function  of  time. 
By  changing  other  biases,  the  output  response  will  also  change, 
and  hence  the  OSP  generates  arbitrary  waveforms.  The  degree 
of  arbitrariness  of  the  generated  signal  depends  on  the  number 
of  unit  blocks  if  a  multiple  block  OSP  is  used  and  the  generality 
of  the  OSP. 

The  detailed  concept  and  theory  of  the  arbitrary  waveform 
generators  have  been  investigated  by  Fetterman  and  Fetterman 
[34].  If  we  summarize  [34],  its  principle  of  operation  is  based 
on  the  similarity  of  two  operation  modes  of  the  OSP  as  we  dis¬ 
cussed  in  Section  II \  frequency  control  mode  and  delay  control 
mode.  According  to  (5),  the  transfer  functions,  Sim,  depend  on 
both  optical  frequency  and  fr.  If  the  OSP  is  operated  with  a 
fixed  (j)r  value  and  varying  optical  frequency  (frequency  control 
mode),  the  OSP  performs  optical  filter  as  described  in  [2]-[5]. 
On  the  other  hand,  if  the  OSP  is  operated  with  a  fixed  optical 
frequency  and  varying  fr  value  (delay  control  mode),  the  re¬ 
sponse  of  the  OSP  with  respect  to  fr  should  be  the  same  as  an 
optical  filter  shape. 

Since  the  OSP  is  based  on  high-speed  electrooptic  polymer, 
it  can  generate  high-speed  arbitrary  waveforms.  However,  a 
sawtooth  signal  is  difficult  to  obtain  at  high  frequencies  with 
high  power  [17].  Instead,  we  examine  a  simple  sinusoidal  signal 
input.  Using  a  sinusoidal  input,  the  OSP  generates  the  desired 
output  shape  with  proper  adjustment  of  the  parameters;  t\,tr, 
and 

Fig.  16  shows  a  measured  rectangular  signal  generated  by  the 
one-block  OSP  and  its  experimental  setup.  The  continuous  laser 
source  at  1.55  ji m  is  applied  to  the  one-block  OSP  with  polar¬ 
ization  control  and  the  TM  mode  output  of  S22  is  measured  by 
the  photodetector  and  the  oscilloscope.  First,  we  apply  a  ±20  V 
peak-to-peak  sinusoidal  voltage  input  to  the  fr  electrode.  When 
the  other  biases  are  properly  adjusted  by  voltage  supplies  as 
shown  in  Fig.  16(a),  we  obtain  the  OSPs  transfer  function  as 
a  function  of  the  applied  voltage  as  shown  in  Fig.  16(b).  We 
then  apply  a  ±10  V  peak-to-peak  sinusoidal  voltage  input  with 
a  proper  offset  bias  to  the  fr  electrode  while  the  other  biases 
are  properly  adjusted.  We  utilize  the  sharp  transition  region  in 
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Fig.  15.  The  shaded  area  in  (a)  shows  conceptually  possible  zero  locations  when  the  pole  and  the  zero  of  the  racetrack  (Pole/ 1 1 r  | 2 )  are  given,  (b),  (c),  and  (d)  show 
simulation  results  of  the  possible  zero  locations  in  the  Z  space  when  the  pole  has  the  minimum  (0.17),  middle  (0.325),  and  maximum  (0.48)  amplitude,  respectively. 
For  three  plots,  a  dot  closer  to  origin  and  the  other  dot  are  indicating  the  pole  and  the  zero  of  the  racetrack,  respectively.  The  zero  cannot  be  located  inside  the  two 
circles,  which  indicate  boundaries  set  by  the  bounded  \Rim\-  (a)  Poles  considered  (b)  7  =  0.17  (c)  7  =  0.325  (d)  7  =  0.48. 


the  transfer  function  in  Fig.  16(b)  to  generate  the  sharper  rect¬ 
angular  output  signal.  As  shown  in  Fig.  16(c),  a  rectangular 
voltage  signal  is  obtained. 

As  the  number  of  unit  blocks  increases,  a  more  rectangular  the 
shape  is  possible.  Furthermore,  this  waveform  can  be  quickly 
changed  to  another  desired  shape  with  different  sets  of  parame¬ 
ters  due  to  the  fast  electrooptic  effect.  In  Section  VI-B,  we  use 
the  similar  transfer  function  in  Fig.  16(b)  to  generate  another 
signal:  a  linear  signal. 

B.  Linearized  Modulator 

Another  useful  application  of  the  OSP  is  a  linearized  elec¬ 
trooptic  modulator.  Electrooptic  modulators  are  one  of  the  most 
important  devices  of  lightwave  communications.  The  most 
common  scheme  for  this  device  is  the  use  of  a  Mach-Zehnder 


interferometer.  However,  the  inherent  disadvantage  of  this 
technique  is  a  large  nonlinear  distortion  that  limits  the  dynamic 
range  in  analog  applications  [35].  Several  efforts  have  been  per¬ 
formed  to  increase  the  dynamic  range  of  the  optical  modulator 
including  dual-polarization  techniques  [36],  parallel  or  series 
cascaded  configurations  [37],  [38],  and  electronic  predistortion 
schemes  [39].  A  dual-section  directional  coupler  modulator 
using  electrooptic  polymer  waveguides  has  also  been  developed 
[40]. 

The  one-block  OSP  can  also  perform  as  a  linearized  am¬ 
plitude  modulator  if  the  applied  electric  field  modulates  the 
optical  phase  inside  the  racetrack  (delay  control  mode).  When 
multiple  coherent  lights  interfere,  the  overall  intensity  response 
is  nonlinear  (sinusoidal)  as  the  optical  phase  changes  in  one 
of  the  interfered  light  beams.  Therefore,  the  intensity  response 
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Fig.  16.  Rectangular  signal  generation  using  an  one-block  OSP  and  its  experimental  setup,  (a)  A  d=10  V  peak-to-peak  sinusoidal  voltage  input  with  a  proper  offset 
bias  is  applied  to  the  <pr  electrode  and  other  biases  are  properly  adjusted  by  voltage  supplies,  (b)  We  obtain  a  proper  transfer  function  for  the  rectangular  signal 
generation,  (c)  We  utilize  the  sharp  transition  region  in  the  transfer  function  to  generate  a  rectangular  output  signal,  (a)  Experimental  setup,  (b)  Transfer  function 
measured,  (c)  Rectangular  signal  generated. 


in  a  simple  Mach-Zehnder  structure  is  always  nonlinear  since 
the  applied  electric  filed  changes  the  optical  phase  of  the 
interfered  lights  in  “linear”  way.  The  fundamental  concept  in 
the  linearized  modulator  using  the  one-block  OSP  lies  in  the 
OSP’s  “nonlinear”  response  of  the  optical  phase  to  the  applied 
electric  field.  The  optical  phase  change  inside  the  racetrack 
recursively  changes  the  overall  optical  phase  leading  to  a  non¬ 
linear  response,  which  compensates  the  nonlinear  response  of 
the  phase  modulation  under  proper  conditions,  thus,  generating 
a  “linear”  intensity  response  overall.  Note  that  this  principle 
is  analogous  to  that  of  the  arbitrary  waveform  generator  as 
discussed  in  Section  VI-A.  The  linear  amplitude  response  is  a 
specific  kind  of  arbitrary  waveform  generation. 

A  ring  resonator  assisted  Mach-Zehnder  (RAMZ)  structure, 
which  is  similar  to  the  one-block  OSP,  has  been  proposed  to 
function  as  a  linearized  modulator  [41]  and  is  studied  in  detail 
including  the  influence  of  optical  loss  [42].  They  found  that  the 
higher  order  nonlinear  harmonic  terms  can  vanish  (up  to  5th 
order)  with  proper  design  of  the  waveguide  structures.  As  seen 
in  (7),  the  transfer  function  with  respect  to  the  (j)r  phase  change 


depends  on  the  pole  and  the  zero.  Therefore,  its  linearity  can 
be  calculated  by  a  common  Taylor  expansion  technique  using 
various  poles  and  zeros.  The  first  and  higher  order  harmonic 
terms  are  calculated  by 


Pn  = 


dn\Slrn\2 

d(j)™ 


(10) 


where  Pn  is  the  n'th  high-order  harmonic  term  and  n  is  an  in¬ 
teger  larger  than  0.  Instead  of  using  the  analytical  Taylor  expan¬ 
sion  technique,  we  utilize  a  numerical  method  to  calculate  the 
high-order  nonlinear  harmonic  terms  with  various  poles,  zeros 
and  biases.  As  a  result,  we  find  the  most  linear  region  of  the 
response  (in  terms  of  smallest  higher  order  terms  [42])  when 
the  pole,  the  zero,  and  the  bias  are  0.27Z  —  1.037  rad,  1Z0 
and  2.2019  rad,  respectively.  In  this  case,  the  third,  fourth,  and 
fifth  harmonic  terms  vanish  while  the  first  and  second  harmonic 
terms  are  calculated  as  0.287/rad1, 0.001/rad2,  respectively.  The 
calculation  shows  that  the  most  linearized  modulation  occurs 
away  from  the  pole  location,  implying  that  a  small  resonance  is 
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Fig.  17.  Linear  signal  generation  using  an  one-block  OSP  and  its  experimental  setup,  (a)  A  d=12  V  peak-to-peak  triangular  voltage  input  with  a  proper  offset  bias 
is  applied  to  the  or  electrode  and  the  other  biases  are  properly  adjusted  by  voltage  supplies,  (b)  We  obtain  a  proper  transfer  function  for  linear  signal  generation, 
(c)  We  utilize  the  linear  transition  region  in  the  transfer  function  to  generate  a  linear  output  signal,  (a)  Experimental  setup,  (b)  Transfer  function  measured,  (c)  Linear 
signal  generated. 


required  for  linearization.  The  relatively  small  correction  of  the 
nonlinear  response  from  phase  change  is  sufficient.  Therefore, 
the  optical  loss  issue  is  somewhat  mitigated  in  the  linearized 
modulator. 

In  order  to  demonstrate  a  linearized  modulator,  we  use  the 
same  experimental  setup  as  shown  in  Fig.  16  except  that  we 
utilize  the  linear  slope  of  the  transfer  function  and  we  apply  a 
triangular  signal  rather  than  a  sinusoidal  signal  since  a  trian¬ 
gular  signal  allows  easier  verification  of  linearity.  As  shown  in 
Fig.  17(c),  the  output  response  linearly  follows  the  input  signal. 
More  rigorous  methods  should  be  applied  to  check  the  linearity 
of  a  modulator  such  as  two-tone  test  measurement  method  [43]. 
However,  our  purpose  is  to  demonstrate  the  various  features  of 
the  OSP. 

VII.  Conclusion 

We  have  investigated  an  optical  signal  processor  using 
electrooptic  polymer  waveguides.  We  have  also  shown  that 


practical  applications  can  be  made  using  the  current  state  of 
polymer  technology.  Since  the  OSP  is  based  on  both  polymers’ 
high-speed  and  PLCs’  complex  features,  it  is  expected  to  be  a 
powerful  technology  for  optical  communications  and  optical 
computing. 

However,  the  optical  signal  processor  investigated  in  this 
work  is  limited  in  terms  of  structural  complexity  and  operation 
speed;  only  an  one-block  OSP  is  considered  for  its  imple¬ 
mentation  and  our  experiment  is  done  at  low  frequencies. 
Similar  electrooptic  polymers  have  been  used  to  obtain  signal 
bandwidth  more  than  100  GHz  [17]— [19],  [44].  Therefore, 
the  potential  operation  speed  of  the  fabricated  device  in  the 
work  is  comparable  to  that  of  those  devices.  In  order  to  have  a 
high-speed  feature,  we  need  to  additionally  consider  high-speed 
design  of  the  microtrip  electrodes,  such  as  electrode  width  for 
impedance  matching  and  electrode  thickness  for  reducing 
conductor  losses  at  high  frequency.  However,  due  to  intrinsic 
good  velocity  match  characteristics  of  electrooptic  polymers, 
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designing  of  high-speed  electrodes  is  not  a  major  challenge 
for  high-speed  operation.  Our  actual  next  step  is  to  build 
multiple  blocks  of  OSP.  After  that,  we  can  integrate  them  with 
high-speed  microstrip  design  for  higher  speed. 

In  order  to  realize  more  complex  (or  multiple)  OSP  struc¬ 
tures,  it  is  important  to  reduce  optical  propagation  losses  in 
electrooptic  polymer  waveguides.  Since  the  OSP  considered 
in  this  work  has  a  racetrack  structure  to  implement  the  in¬ 
finite  impulse  response  (HR),  the  high  optical  loss  not  only 
degrades  the  total  insertion  loss  but  also  leads  to  a  restriction 
in  implementing  a  general  OSP.  Current  propagation  losses 
of  the  straight  waveguide  are  around  1.1-1. 7  dB/cm  [26].  To 
overcome  the  propagating  loss  limitation  of  the  electrooptic 
polymer,  a  passive-to-active  transition  technique  has  been 
proposed  [45].  This  technique  uses  the  hybrid  silica/polymer 
structure  with  a  vertical  adiabatic  transition  between  the  silica 
and  electrooptical  polymer  materials.  Another  approach  is  to 
use  low  loss  polymer  material  with  an  adiabatic  transition  in 
the  same  layer  [46].  This  method  is  expected  to  reduce  the 
coupling  loss  due  to  an  excessive  index  mismatch  between  the 
two  materials.  If  the  index  of  the  passive  material  is  similar  to 
the  active  material,  standard  butt  coupling  is  also  promising 
[47].  Furthermore,  recently  development  of  polymers  with  very 
high  electrooptic  r 33  coefficients  of  more  than  300  pm/V  have 
been  investigated.  The  r 33  coefficient  of  300  pm/V  is  more  than 
a  factor  of  10  larger  than  the  one  in  this  work.  This  development 
poses  the  promising  possibility  of  implementing  much  more 
compact  and  complex  OSP  structures. 
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A  Broadband  Linearized  Coherent  Analog 
Fiber-Optic  Link  Employing  Dual  Parallel 
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Abstract — A  composite  optical  transmitter  based  on  dual 
parallel  Mach-Zehnder  modulators  is  proposed  to  linearize 
double-sideband  suppressed-carrier  coherent  analog  fiber-optic 
links.  The  optimization  condition  for  achieving  the  best  spu¬ 
rious-free  dynamic  range  (SFDR)  is  discussed,  with  a  simple  and 
exact  expression  for  the  maximized  SFDR  being  derived.  Unlike 
other  existing  linearization  schemes,  the  proposed  technique  has 
the  advantages  of  broadband  operation  and  shot-noise-limited 
signal-to-noise  ratio  at  the  same  time.  For  a  lossless  link  employing 
a  transmitter  laser  with  moderate  optical  power  of  100  mW, 
a  broadband  SFDR  as  high  as  144  dB  •  Hz4/5  is  theoretically 
predicted. 

Index  Terms — Analog  optical  link,  coherent  detection,  intermod¬ 
ulation  distortion,  linearized  modulator,  suppressed  carrier. 


I.  Introduction 

IN  THE  design  of  analog  fiber-optic  links,  an  important 
figure  of  merit  that  often  needs  to  be  optimized  is  the 
spurious-free  dynamic  range  (SFDR).  This  SFDR  is  defined 
as  the  ratio  of  the  power  of  the  maximally  allowed  signal, 
to  the  power  of  its  accompanying  noise,  provided  that  there 
are  no  detectable  nonlinear  distortions  present.  To  improve 
the  SFDR,  various  methods  [l]-[4]  have  been  proposed.  The 
general  idea  behind  these  linearization  schemes  is  to  introduce 
certain  predistortions  that  compensate  for  the  existing  ones  with 
the  cost  of  increased  system  complexity.  For  example,  direct 
detection  links  with  improved  linearity  have  been  demonstrated 
by  predistorting  the  optical  signal  using  two  Mach-Zehnder 
modulators  (MZMs)  connected  in  parallel  [2]  or  in  series  [3], 
and  by  employing  incoherent  mixing  using  two  polarization 
modes  [1]  or  two  different  wavelengths  [4]. 

We  note  that  the  linearization  techniques  studied  previously 
have  only  attempted  to  increase  the  link’ s  SFDR  by  reducing  the 
strength  of  the  nonlinear  distortions  and  little  attention  has  been 
paid  to  addressing  the  issue  of  signal-to-noise  ratio  (SNR)  at  the 
same  time.  In  general,  the  SFDR  is  proportional  to  the  SNR  and 
thus  by  improving  the  SNR,  the  SFDR  will  also  be  improved. 
It  is  possible  to  reconfigure  some  of  those  previously  studied 
linearized  links  in  such  a  way  that  the  output  SNR  is  optimized 
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Fig.  1.  Schematics  of  a  DSSC  coherent  analog  fiber-optic  link  without  lin¬ 
earization.  This  link  can  be  linearized  by  replacing  the  single  MZM  transmitter 
with  a  dual  parallel  MZM  transmitter  depicted  in  Fig.  2. 


to  the  shot-noise  level  while  still  maintaining  third-order  inter¬ 
modulation  distortion  (IMD3)  free  operation.  However,  second- 
and  fourth-order  nonlinearities  are  usually  introduced  by  those 
SNR  optimization  processes  and  the  link’s  broadband  property 
is  lost  even  if  it  existed  before. 

Here  we  propose  and  analyze  a  linearized  coherent  analog 
fiber-optic  link,  which  is  broadband  and  has  an  SNR  inherently 
set  at  the  fundamental  shot-noise  level.  The  proposed  link  is 
based  on  the  double- sideband  suppressed-carrier  (DSSC)  mod¬ 
ulation  format  with  linearization  achieved  by  employing  a  dual 
parallel  MZM  transmitter.  To  recover  the  transmitted  analog 
signal,  we  take  advantage  of  balanced  detection,  which  results 
in  shot-noise-limited  link  characteristics. 

II.  DSSC  Coherent  Fiber-Optic  Link 

The  schematics  of  a  DSSC  coherent  analog  fiber-optic  link 
without  linearization  is  shown  in  Fig.  1.  The  link’s  optical  trans¬ 
mitter  consists  of  a  highly  coherent  laser  connected  to  a  chirp¬ 
less  MZM  [5]  which  is  biased  at  the  transmission  null,  and  mod¬ 
ulated  by  an  analog  signal.  Owning  to  the  modulator’s  null  bias, 
the  optical  carrier  is  completely  suppressed.  When  the  analog 
modulation  is  turned  ON,  a  DSSC  signal  is  generated  and  subse¬ 
quently  transmitted  through  the  fiber-optic  link.  At  the  receiver 
end,  since  the  optical  carrier  is  absent,  to  recover  the  signal  in  the 
RF  domain  a  phase-locked  local  oscillator  (LO)  with  the  same 
optical  frequency  as  that  of  the  transmitter  laser  is  used  to  beat 
with  the  DSSC  signal.  The  beating  is  accomplished  by  using  a 
3-dB  coupler  followed  by  a  balanced  detector.  To  achieve  the 
maximum  beating  current,  we  assume  that  the  phase  difference 
between  the  LO  and  the  signal  has  been  locked  at  7t/2. 

For  purposes  of  the  analysis,  we  denote  the  amplitude  of 
the  transmitter  laser  and  the  LO  as  A[n  and  A^o,  respectively. 
Neglecting  optical  losses,  the  amplitude  of  the  received  DSSC 
signal  can  be  written  as  A[n  sin(m/2),  where  m  is  the  push-pull 
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differential  modulation  phase  of  the  applied  analog  signal.  After 
balanced  detection,  the  generated  photocurrent  is  given  by 

I  =  2r]AinALO  sin  y  «  i\m  +  i3m3  (1) 

where  r)  denotes  the  photodetection  efficiency,  i\  —  f]AinAi,o 
and  =  —r]AinAiJo/2A.  In  the  derivations,  the  Taylor  expan¬ 
sion  of  sin  x  has  been  used.  From  (1),  it  is  seen  that  all  the  even 
order  nonlinear  distortions  are  canceled.  This  allows  the  link  to 
be  broadband  linearized  by  only  removing  the  third-order  term. 

Noise  considered  here  includes  detector  thermal  noise,  pho¬ 
tocurrent  shot-noise,  and  laser  relative  intensity  noise  (RIN).  By 
employing  the  balanced  detection  scheme,  the  contribution  from 
RIN  can  be  removed  and  the  noise  power  density  of  the  gener¬ 
ated  photocurrent  can  be  written  as 

N  =  2qI\JoR  +  4  ksT  (2) 

where  q  is  the  electron  charge,  Tlo  =  is  the  current  that 

corresponds  to  the  total  power  of  the  LO,  R  is  the  load  of  the 
photodetector,  and  4 ksT  is  the  thermal  noise.  It  follows  from 
(2)  that  the  DSSC  coherent  link  becomes  shot-noise-limited 
when  the  LO  current  is  made  larger  than  a  few  milliamperes 
(mAs). 

Neglecting  the  thermal  noise  and  plugging  (1)  and  (2)  into 
the  generalized  formula  [6]  SFDR3/2  =  2/3  •  \ii/is\  •  i\R/N 
derived  for  an  IMD3  limited  link,  we  are  led  to 

SFDR3/2  =  —  (3) 

q 

where  Rn  =  r)Afn  is  the  photocurrent  that  corresponds  to  the 
total  power  of  the  transmitter  laser.  Equation  (3)  predicts  that 
the  SFDR  of  a  DSSC  coherent  link  scales  proportionally  to  the 
optical  power  of  the  transmitter  laser,  with  no  limitations  im¬ 
posed  by  the  laser  RIN.  The  avoidance  of  RIN  is  of  great  impor¬ 
tance  for  designing  links  with  high  SFDR  specifications.  Previ¬ 
ously,  this  can  be  done  either  by  lowering  the  bias  of  the  MZM 
[7]  or  by  employing  balanced  detection  to  the  quadrature  biased 
MZM  with  dual  outputs  [8].  However,  we  note  that  the  former 
approach  suffers  from  the  nearly  maximized  second-order  RF 
distortion  and  the  latter  one  requires  special  detectors  that  are  vi¬ 
able  with  high  optical  power  of  the  unsuppressed  carrier.  These 
problems  are  now  overcome  in  the  DSSC  coherent  link. 

III.  Link  Linearization  Using  Dual  Parallel  MZMs 

To  linearize  the  DSSC  coherent  link,  we  propose  to  replace 
the  single  MZM  transmitter  shown  in  Fig.  1  by  a  dual  parallel 
MZM  transmitter  shown  in  Fig.  2.  In  the  proposed  linearized 
transmitter,  the  laser  field  with  amplitude  A[n  is  first  split  into 
two  parts  with  a  power  split  ratio  cos2  a  :  sin2  a  and  then  en¬ 
ters  the  two  chirpless  MZMs  in  parallel.  In  order  to  suppress  the 
optical  carrier  and  other  even  order  modulation  terms,  the  bias 
of  the  two  MZMs  are  both  set  at  null.  After  being  amplitude 
modulated  with  different  push-pull  phases  m  and  7“  1m  in  the 
top  and  bottom  MZMs,  respectively,  the  two  laser  fields  then  re¬ 
combine  destructively  at  the  output  coupler  with  a  power  split 
ratio  cos2  /?  :  sin2  (3.  Physically,  the  destructive  interference  can 
be  achieved  by  embedding  a  7 r  biased  phase  shifter  in  one  of  the 
light  paths.  Due  to  the  imposed  7 r  phase  shift,  the  third-order 
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Lig.  2.  Layout  of  a  linearized  optical  transmitter  based  on  the  dual  parallel 
MZMs.  cos2  a  :  sin2  a  and  cos2  §j  :  sin2  (3  denote  the  power  split  ratio. 

components  of  the  laser  fields  generated  from  the  two  MZMs 
will  have  opposite  sign  and  under  appropriate  conditions  (am¬ 
plitude  being  matched)  will  cancel  each  other  completely.  We 
note  that  to  avoid  the  cancellation  of  the  signal  at  the  same  time, 
7  has  to  be  different  than  one.  Owning  to  the  redundancy,  we 
limit  our  discussions  here  the  to  case  where  7  <  1. 

By  referring  to  Fig.  2,  the  amplitude  of  the  optical  field  at  the 
linearized  transmitter’ s  output  port  can  be  calculated  as  Aout  = 


A[n  cos  a  cos  / 3  sin(m /2) — A[n  sin  a  sin  (3  sin(7_  1  m/2) .  To 
linearize  Aout,  it  follows  from  the  Taylor  expansion  of  sinx 
that  we  must  require 

tan  a  tan/?  =  7s.  (4) 

When  (4)  is  satisfied,  the  photocurrent  generated  by  the  bal¬ 
anced  detector  can  be  written  as 

/  =  2r]AoutALO  «  n m  +  ?5m5  (5) 

where  the  coefficients  are  i\  —  r]AinAi^o  •  cos  a  cos  (3  •  (1  —  72) 


and  i$  =  f]A[nAi,o  •  cos  a  cos  (3  •  (1  —  7-2)  /1920,  respectively. 

Equation  (5)  shows  that  the  link  is  broadband  linearized  and 
limited  by  the  fifth-order  intermodulation  distortion  (IMD5).  To 
obtain  its  corresponding  SFDR,  we  apply  the  generalized  for¬ 
mula  [6]  SFDR5/4  =  a/2/5  •  \i\/ ^5 11  2  •  i\R/N  yielding 

SFDR5/4  =  cos2  a  cos2  /?  •  7(1  —  72)2  •  — .  (6) 

5  q 

The  SFDR  in  (6)  can  be  maximized  by  first  optimizing  its 
value  with  respect  to  a  and  (3,  and  then  with  respect  to  7,  under 
the  constraint  that  the  linearization  condition  (4)  being  always 
imposed.  The  optimization  task  with  respect  to  a  and  [3  can  be 
worked  out  by  directly  considering  the  mathematical  identity 
cos2  a  •  cos2  (3  =  (1  +  tan2  a  +  tan2  /?  +  tan2  a  tan2  /?)_1 
together  with  the  inequality  tan2  a  +  tan2  (3  >  2  tan  a  tan  (3. 
It  follows  from  these  two  trigonometric  conditions  and  (4)  that 
cos2  a  cos2  /?  <  (1  +  73)-2,  where  the  maximum  is  reachable 
when  a  =  /?,  i.e.,  when  the  input  and  output  couplers  are  made 
identical.  Note  that  although  a  symmetry  argument,  i.e.,  wherein 
the  input/output  couplers  are  mathematically  exchangeable,  can 
lead  to  a  conclusion  that  there  will  be  an  extremum  when  the  two 
couplers  are  equal.  However,  symmetry  considerations  alone 
cannot  prove  that  such  an  extremum  is  the  global  maximum. 

With  the  twin  coupler  condition  being  met,  the  SFDR  reads 

SFDR*/4  =  tpFw  '  7^  •  — •  m 

(1  +  7  6)z  5  q 
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The  value  of  7  that  maximizes  the  SFDR  can  be  obtained  by 
setting  the  first-order  derivative  (with  respect  to  7)  of  (7)  to  be 
zero.  The  solution  is  7  =  (3  —  y/h)/2  «  0.382.  In  addition,  from 
(4)  the  corresponding  coupler  power  split  ratio  is  0.947  :  0.053, 
indicating  the  majority  of  the  laser  field  will  pass  the  top  MZM. 

By  plugging  the  optimum  value  of  7  back  into  (7),  the  formula 
for  the  maximized  SFDR  is  finally  derived  as 

SFDR5/4|max  =  •  — •  (8) 

5  q 


Similar  to  (3),  (8)  points  out  that  the  broadband  linearized  SFDR 
is  immune  to  the  laser  RIN  and  thus  can  be  increased  indefi¬ 
nitely  by  boosting  up  the  transmitter  laser  power.  Practically,  the 
proposed  technique  is  limited  mainly  due  to  the  optical  damage 
[6]  occurring  in  the  electrooptic  modulators.  Another  limitation 
may  also  come  from  the  nonlinearity  [6]  of  the  photodetectors, 
which  is  not  considered  in  this  work.  We  note  that  in  order  to 
demonstrate  high  SFDR,  our  technique  does  not  require  pho¬ 
todetectors  to  be  compatible  with  high  incident  power,  as  long  as 
they  can  handle  LO  power  at  the  level  of  a  few  milliwatts  (mWs), 
since  the  strong  carrier  of  the  signal  has  been  suppressed. 

It  is  of  interest  to  compare  the  SFDR  performance  of  the  lin¬ 
earized  DSSC  coherent  link  to  other  existing  broadband  lin¬ 
earized  links  such  as  the  one  proposed  by  Korotky  et  al.  [2]. 
Their  approach  also  employs  a  dual  parallel  MZM  transmitter 
but  is  implemented  using  direct  detection  techniques.  Keeping 
the  notation  unchanged  and  applying  similar  derivation  proce¬ 
dures  to  Korotky  et  aV  s  scheme,  it  is  found  once  again  that 
when  the  twin  coupler  condition  is  satisfied,  the  IMD5-limited 
SFDR  is  optimized  with  the  result 


SFDR5/4  = 


7(1  -  72)2  yT5  h_ 
(1  +  73/2)2(l  +  73)  5  q 


1  +  73  RIN  •  Jin 
(1  +  73/2)2  4 q 


(9) 


Manipulation  of  (9)  shows  that  when  the  input  laser  power  is 
high  and  the  condition  RIN  •  I-in  4 q  is  fulfilled,  by  choosing 
again  7  =  (3  —  \/5)/2,  the  SFDR  in  the  direct  detection  scheme 
will  be  maximized  as  SFDR5/4|max  =  V^15/5  •  RIN-1,  a  level 
that  is  fixed  by  the  input  laser  RIN  and  can  no  longer  be  in¬ 
creased  by  increasing  the  laser  power.  This  compares  with  the 
unlimited  SFDR  performance  in  (8)  for  a  DSSC  coherent  link. 

In  Fig.  3,  we  plot  the  IMD5-limited  SFDR  as  a  function  of  the 
transmitter  laser  power  Pin(P[n  =  Afn),  calculated  with  a  1-Hz 
bandwidth  for  a  lossless  DSSC  coherent  link  and  direct  detec¬ 
tion  link,  both  employing  dual  parallel  MZM  transmitter  with 
design  that  maximizes  the  SFDR.  Responsivity  r\  —  1  AAV  is 
assumed  in  the  calculation.  The  plotted  curves  demonstrate  that 
the  linearized  DSSC  coherent  link  outperforms  the  linearized  di¬ 
rect  detection  link  significantly  at  high  laser  power  level,  even  if 
the  laser  RIN  can  be  made  as  low  as  — 170  dB/Hz.  Remarkably, 


Fig.  3.  Calculated  IMD5-limited  SFDR  for  a  lossless  (a)  DSSC  co¬ 
herent  link,  direct  detection  link  with  (b)  RIN  =  —170  dB/Hz,  and 

(c)  RIN  =  -150  dB/Hz. 


when  the  transmitter  laser  power  is  set  moderately  at  100  mW, 
a  broadband  SFDR  as  much  as  144  dB  •  Hz4/5  is  potentially 
achievable  in  the  linearized  DSSC  coherent  link. 

IV.  Conclusion 

We  have  proposed  and  analyzed  a  broadband  linearized 
DSSC  coherent  analog  fiber-optic  link  using  the  dual  parallel 
MZM  transmitter  with  balanced  detection.  The  linearized  link 
is  inherently  shot-noise  limited,  which  enables  high  SFDR 
operation  by  using  high  laser  power. 
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Abstract:  A  linearized  dual  parallel  Mach-Zehnder  modulator  (DPMZM) 
based  on  electro-optic  (EO)  polymer  was  both  fabricated,  and 
experimentally  used  to  suppress  the  third -order  intermodulation  distortion 
(IMD3)  in  a  coherent  analog  fiber  optic  link.  This  optical  transmitter  design 
was  based  on  a  new  EO  chromophore  called  BIO,  which  was  synthesized 
for  applications  dealing  with  the  fiber-optic  communication  systems.  The 
chromophore  was  mixed  with  amorphous  polycarbonate  (APC)  to  form  the 
waveguide’s  core  material.  The  DPMZM  was  configured  with  two  MZMs, 
of  different  lengths  in  parallel,  with  unbalanced  input  and  output  couplers 
and  a  phase  shifter  in  one  arm.  In  this  configuration  each  of  the  MZMs 
carried  a  different  optical  power,  and  imposed  a  different  depth  of  optical 
modulation.  When  the  two  optical  beams  from  the  MZMs  were  combined  to 
generate  the  transmitted  signal  it  was  possible  to  set  the  IMD3  produced  by 
each  modulator  to  be  equal  in  amplitude  but  180°  out  of  phase  from  the 
other.  Therefore,  the  resulting  IMD3  of  the  DPMZM  transmitter  was 
effectively  canceled  out  during  two -tone  experiments.  A  reduction  of  the 
IMD3  below  the  noise  floor  was  observed  while  leaving  fifth-order 
distortion  (IMD5)  as  the  dominant  IMD  product.  This  configuration  has  the 
capability  of  broadband  operation  and  shot-noise  limited  operation 
simultaneously. 

©2011  Optical  Society  of  America 

OCIS  codes:  (130.3120)  Integrated  optics  devices;  (230.4110)  Modulators;  (130.5460)  Polymer 
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1.  Introduction 

Most  techniques  to  modulate  an  optical  carrier  in  analog  fiber  optic  links  composed  of 
external  Mach-Zehnder  (MZ)  modulators.  The  MZ  modulators  have  intrinsically  a  nonlinear 
transfer  function  that  distorts  the  transmitted  signal,  limiting  the  link’s  dynamic  range  [1].  For 
external  modulators,  several  approaches  for  improving  the  linearity  of  the  devices  have  been 
suggested  [2].  The  two  most  common  depend  upon  adjustment  of  the  transfer  function  to  fit  a 
triangular  function,  or  the  elimination  of  the  cubic  term  in  the  Taylor-expansion  of  the  transfer 
function.  Over  the  years,  eliminating  the  cubical  term  has  been  shown  to  be  the  most 
successful.  Linearization  concepts  using  a  DPMZM  scheme  have  been  explored  in  Ref  [2], 
[3].  These  approaches  eliminate  the  cubic  terms  by  using  IMD3  cancellation  along  with  an 
intensity  modulation  direct  detection  method. 

In  a  recent  paper  [4],  the  optimization  condition  of  the  double-sideband  suppressed-carrier 
(DSSC)  coherent  analog  fiber  optic  link  using  a  DPMZM  transmitter  to  achieve  the  high 
spurious-free  dynamic  range  (SFDR)  was  theoretically  discussed.  For  a  lossless  link 
employing  a  transmitter  laser  with  optical  power  of  1W,  a  SFDR  as  high  as  152dBHz  was 
derived  by  assuming  the  photo -conversion  efficiency  of  1  AAV.  In  this  letter,  we  demonstrate  a 
linearized  DPMZM  transmitter  that  suppresses  the  nonlinear  term  in  third  order  based  on  an 
amplitude  modulation  coherent  detection  scheme.  In  our  experiment,  a  DPMZM  transmitter 
was  fabricated,  using  a  new  EO  polymer  material  as  a  core  layer  that  is  both  thermally  and 
chemically  stable.  A  two -tone  test  was  performed  on  this  complex  structure  which  included 
three  MZMs,  five  Y  couplers,  and  a  phase  shifter.  It  was  able  to  cancel  the  dominant  IMD 
distortion  in  third  order  based  on  our  dual  parallel  modulation  scheme,  resulting  in  a  IMD 
reduction  along  with  a  modest  signal  decrease.  We  also  discuss  the  advantages  of  the 
proposed  linearization  scheme,  in  a  polymer  photonic  integrated  device,  which  was  confirmed 
by  our  experimental  demonstration. 

2.  Polymeric  materials,  device  fabrication  and  individual  component  test 

The  EO  polymer  structure,  cross-section,  and  EO  material  properties  of  the  device  are 
illustrated  in  Fig.  1.  The  device’s  design  parameters  and  procedures  follow  the  previous 
publications  [5,6].  The  core  material  is  a  guest-host  system  which  is  a  mixture  of  B10LC103 
(or  BIO,  Lumera  co.)  and  amorphous  polycarbonate  [7].  The  loading  density  for  BIO  is 
30wt%  and  it  has  a  refractive  index  of  1.6727  for  TE  and  1.6671  for  TM  polarizations.  The 
BIO  structure  in  APC  has  high  thermal  stability  and  exhibited  90%  of  the  r33  retention  after  a 
thermal  treatment  of  85 °C  for  120h.  The  long  term  photo -stability  of  the  B10  device  when 
illuminating  at  lOOmW  continuous  optical  input  has  been  achieved  by  not  only  engineered 
and  more  stable  molecular  structure  but  also  packaging  the  modulators  with  a  non -oxygen 
exposed  environment  [7].  The  B10- APC  layer  is  inserted  between  a  lower  (UV15LV)  and 
upper  cladding  (UFC170A)  as  shown  in  Fig.  2.  To  achieve  a  high  poling  efficiency  in  an  EO 
polymer,  the  stacked  layer  was  poled  under  a  high  electric  field.  The  device  poling  for  the 
B10- APC  thin  film  was  performed  using  contact  poling  with  a  push-pull  poling  geometry 
where  a  diluted  APC  solution  covered  the  entire  surface  of  the  device  (a  4 -inch  wafer)  to 
prevent  the  dielectric  breakdown.  A  poling  electric  field  of  80V/pm  at  a  temperature  of  148°C 
was  applied  to  the  device  for  15  min.  After  the  poling  process,  the  thin  layer  of  APC  was 
quickly  removed  using  Acetone,  and  then  a  thin  gold  layer  of  the  poling  electrode  was 
removed  using  a  wet  etching  technique.  The  driving  electrode  was  formed  using  Cr/Au 
deposition,  and  gold-electroplating.  After  etching  of  the  photoresist  and  the  seed  layer  of  Cr 
and  Au  layers,  the  wafer  was  diced  into  individual  devices  to  test.  To  reduce  the  RF  signal 
losses  the  electrode  thickness  of  the  devices  were  increased  by  a  pulsed  gold  electro -plating 
technique,  and  evaluated  to  be  2. 0-2.5  pm  thick. 
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As  shown  in  Fig.  3,  all  the  devices  including  MZMs,  the  directional  coupler  modulator, 
and  phase  shifter  were  tested  separately  to  evaluate  their  operational  characteristics  after 
cutting  out  each  component.  The  total  device  length  was  about  54  mm,  and  the  total  fiber-to- 
fiber  insertion  loss  was  estimated  to  be  ~25dB.  The  MZs  are  intentionally  different  in  length 
and  the  directional  coupler  modulator  consists  of  a  low  frequency  MZM  with  a  coplanar 
output  to  give  a  variable  splitting  ratio.  The  output  coupler  was  fixed  in  the  experiment  at 
50:50  to  simplify  the  fabrication.  Ideally  it  would  be  for  optimized  at  /?  as  indicated  below.  In 
previous  devices  the  BIO  polymer  optical  materials  were  stable  for  over  100  days  with 
lOOmW  of  continuous  laser  illumination,  and  had  been  incorporated  in  modulators  having 
high  bandwidth  and  a  low  operating  voltage,  push-pull  configuration  [7].  Finally,  a  complete 
B10-APC  based  DPMZM  transmitter  was  examined  as  shown  in  the  next  section. 
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Fig.  1.  EO  material  and  device  structure,  (a)  chemical  stmcture  of  guest  material,  B10LC103 
(or  BIO),  (b)  device  cross-section,  and  (c)  material  properties  of  B10-APC. 
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Fig.  2.  Schematic  diagram  of  the  device  fabrication  process.  A  thin  layer  of  a  protection  layer 
made  of  a  diluted  APC  in  TCE  solution  was  applied  to  prevent  from  unwanted  dielectric 
breakdown  during  the  poling  procedure.  The  electrode  contact  poling  process  (a  circle)  was 
done  in  a  lab-made  nitrogen  purged  box.  The  slab  height  of  each  layer  such  as  lower  cladding, 
core  layer,  and  upper  cladding  was  measured  to  be  2.5  pm  thick,  respectively.  Different 
waveguide  widths  was  chosen  to  be  3,  3.5,  and  4  pm  wide. 
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Fig.  3.  Half-wave  voltage  measurements  of  all  the  components  that  used  to  construct  a 
DPMZM  transmitter  (as  shown  in  Fig.  4  and  5).  Each  component  was  diced  from  the  same 
internal  chip,  (a)  a  Mach-Zehnder  modulator  1  (MZ1),  Wn  =  3V  with  an  interaction  length  of 
2cm,  (b)  MZ2,  =  2V  with  an  interaction  length  of  2.5cm,  (c)  a  directional  coupler 
modulator,  Yn  =  4.31V  with  an  interaction  length  of  1.5cm,  and  (d)  a  phase  shifter,  Vn  =  10.5  V 
with  an  interaction  length  of  0.5cm.  The  device  measurements  were  performed  at  a  low- 
frequency  of  lKHz. 


3.  Linearized  DPMZM  transmitter,  and  characterization 

Previously,  a  composite  optical  transmitter  based  on  DPMZM  structure  was  proposed  and 
theoretically  analyzed  for  double-sideband  suppressed  coherent  analog  optic  fiber  links  [4] .  In 
this  study  we  fabricated  and  tested  a  DPMZM  transmitter  as  depicted  in  Fig.  4  and  Fig.  5. 
Two  MZMs  are  fed  from  a  single  optical  source  with  a  variable  MZM  optical  coupler,  and  the 
outputs  are  combined  to  form  a  single  transmitted  signal.  The  two  MZMs  are  biased  at  a  null 
point  such  that  the  carrier  and  all  even  order  modulation  terms  are  suppressed  [8].  The  two 
control  voltages  on  the  directional  coupler  and  the  phase  shifter  are  then  chosen  based  upon 
the  different  modulation  depths  m  and  y~lm  of  the  two  MZMs.  The  voltage  on  the 

directional  coupler  permits  the  output  of  the  two  IMD3  terms  to  be  made  equal  in  magnitude. 
The  phase  shifter  permits  them  to  be  made  180°  out  of  phase  with  each  other.  The  IMD3 
terms  are  now  suppressed  using  the  optical  fields  that  recombine  destructively  at  the  output 
port.  Overall,  this  condition  can  be  found  experimentally  to  induce  the  third  order  portion  of 
the  signal  to  be  almost  cancelled  completely  [1-4]. 

The  calculated  amplitude  of  the  optical  field  at  the  DPMZM  transmitter’s  end  [4]  is 


hi  y  in 

A *  =  An cos  «  cos  fi  sin  —  -  Ain  sin  a  sin  fi  sin  —y 


(1) 


where  m  is  the  modulation  depth  of  the  applied  analog  signal,  and  the  coefficient  of  a  and 
(3  are  related  to  the  splitting  ratios  in  the  input  and  the  output  port.  Expanding  Eq.  (1)  to 

linearize  the  amplitude  Aout ,  one  can  find  that  the  third  order  terms  can  be  cancelled  when 


tan  a  tan  (3  =  y3  (2) 

Therefore,  the  current  generated  by  the  balanced  detector  can  be  written  as 
I  =  2rjAoutALO  « ixm  +  i5m5 ,  which  means  that  the  fifth  order  distortion  will  be  dominant  factor 
after  the  cancellation  of  IMD3  component.  When  a  is  equal  to  j3  meaning  that  the  input  and 
output  coupler  are  made  identical,  the  maximum  linearity  can  be  reached  as  described  in  Ref. 
[4].  In  this  demonstration,  a  Y-junction  output  combiner  is  used  for  simplicity.  Therefore,  the 
obtainable  maximum  linearity  is  somewhat  limited  because  J3  is  set  to  a  non-ideal  condition. 
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However,  y  is  still  a  function  of  a  in  Eq.  (2)  and  much  of  the  cancellation  of  the  third  order 

term  can  be  achieved  by  adjusting  the  splitting  ratio  of  the  input  coupler  experimentally. 

Figure  4(b)  shows  the  experimental  measurement  setup  for  the  nonlinearity  test.  The  two- 
tone  RF  signals  of  5GHz  and  5.00002GHz  are  first  combined  and  divided  equally,  and  then 
applied  to  the  modulator  electrodes  via  GSG  probes  (Cascade  Microtech,  Inc.).  The  DC  bias 
voltages  for  the  two  MZMs  were  controlled  separately.  The  modulated  optical  signals  from 
each  of  the  MZMs  were  sent  to  a  combiner,  and  then  a  3-dB  fiber  coupler  for  coherent 
detection.  A  local  oscillator  was  also  used  to  down-convert  the  generated  signal  via  the  3-dB 
coupler.  The  local  oscillator  was  generated  from  the  input  laser  using  a  12.25278  GHz. 
Optical  modulator  along  with  a  FBG  to  isolate  one  part  of  the  sidebands.  After  mixing  in  the 
photodetector,  the  RF  fundamental  and  the  nonlinear  products  are  amplified,  and  then 
measured  by  the  spectrum  analyzer.  The  two  IMD3  signals  are  added  destructively  when  they 
are  n  out  of  phase.  The  reduction  of  more  than  30dB  brings  the  IMD3  signal  below  the  noise 
floor. 


12  GHz 


Fig.  4.  Schematic  layout  of  (a)  a  linearized  DPMZM  transmitter,  and  (b)  a  test  setup.  It  includes 
a  DPMZM  transmitter,  the  laser  source  of  1550nm,  the  erbium-doped  fiber  amplifier  (EDFA), 
the  local  oscillator  (LO),  and  the  optical  filter  (FBG).  The  LO  is  generated  using  an  optical 
modulator,  operating  at  12.25278  GHz  along  with  an  optical  filter  (FBG)  to  separate  the 
sideband.  The  EDFA  was  used  to  develop  sufficient  optical  power.  Polarization  controllers  are 
utilized  before  and  after  the  DPMZM  and  the  LO.  The  LO  is  used  to  beat  the  generated  DSSC 
signal  to  an  IF  frequency  (7. 25278GHz).  To  achieve  the  maximum  beating  current,  the  LO  has 
been  appropriately  tuned,  and  the  beating  is  done  using  a  3  dB  coupler  followed  by  an 
amplifier  and  either  a  photodetector  or  balanced  photodetector  for  RIN  suppression. 
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Fig.  5.  Photograph  of  the  polymeric  DPMZM  optical  transmitter.  The  DPMZM  is  fiber-aligned 
in  both  sides,  and  the  two  MZM  electrodes  are  contacted  with  GSG  probes,  respectively.  For 
electrical  contacts  for  the  directional  coupler,  the  phase  shifter,  and  the  ground  contact,  low- 
frequency  pico-probes  were  utilized. 
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The  experimental  setup  for  the  high-frequency  measurement  is  shown  in  Fig.  5.  A  light 
source  from  a  CW  laser  operating  at  1550  nm  was  launched  via  optical  fiber  into  the 
waveguide,  coupled-out  via  the  output  optical  fiber,  and  subsequently  mixed  in  balanced 
photodetector.  The  optical  signal  and  the  local  oscillator  (LO),  generated  via  sideband 
modulation,  used  the  same  laser  source  to  ensure  phase  coherency  during  the  photodetection. 
A  linear  polarizer  for  the  coupler  and  two  DC  bias  controllers  at  the  two  MZMs  were 
carefully  used  to  control  the  polarization  states  of  the  DPMZMs  and  the  LO  while  observing 
the  detected  output  RF  spectrum.  Then  the  nonlinear  distortion  cancellation  was  realized  as 
shown  in  Fig.  6.  Figure  6(a)  mixing  (at  12GHz-5GHz~7GHz)  illustrates  the  measured  RF 
electrical  spectrum  of  the  output  signal  when  the  internal  phase  shifter  was  used  to  make  the 
fundamental  maximum.  Figure  6(b)  plots  the  two-tone  IMD  result  when  the  output  linear 
polarizer  and  the  bias  controller  of  the  phase  shifter  were  adjusted  for  optimum  IMD3 
cancellation.  On  the  other  hand,  while  obtaining  the  maximum  linearity,  the  fundamental 
output  power  was  decreased  by  approximately  KMB.  However,  it  is  clear  that  the  third -order 
IMD  was  significantly  suppressed,  (>30dB  of  IMD3  suppression  along  with  a  fundamental 
reduction  of  ~10dB)  using  the  amplitude  modulation  and  coherent  detection  of  the  polymer 
integrated  DPMZM  transmitter.  The  decrease  of  the  IMD3  is  a  consequence  of  the  phase 
cancellation  of  the  coefficient  of  the  IMD3  term  as  indicated  in  Eq.  (8)  in  Ref.  [4]  and  not  a 
change  in  the  optical  power  in  either  MZM. 

Figure  7  shows  the  fundamental  and  IMD 3  power  as  a  function  of  input  power.  Without 
linearization,  the  power  of  the  fundamental  and  IMD3  signal  have  an  increment  of  ldB  and 
3dB  for  every  ldB  rise  in  input  power,  indicating  that  the  IMD3  is  the  limiting  distortion 
product.  When  the  input  power  reaches  ~13.4dBm  by  controlling  the  biases  of  the  directional 
coupler  and  the  phase  shifter,  a  partial  reduction  of  IMD 3  was  performed  as  illustrated  in 
Fig.  7.  After  further  increasing  the  input  power,  the  IMD5  power  appeared  as  a  measurable 
quantity.  The  increase  of  5dB  in  IMD5  power  for  every  ldB  rise  reveals  that  the  third-order 
IMD  is  being  suppressed  and  the  fifth-order  IMD  is  now  the  limiting  product,  and  the 
corresponding  SFDR  has  estimated  ~7dB  enhancement  in  this  experiment. 
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Fig.  6.  Experimental  results  for  two-tone  IMD  test,  (a)  without  and  (b)  with  linearization.  The 
IMD3  was  suppressed  by  >30dB  to  the  noise  level,  while  the  fundamental  power  was  sacrificed 
by  ~10dB.  The  improved  linearity  was  achieved  at  the  expense  of  a  small  decrease  in  the 
fundamental  amplitude  signal  due  to  a  partial  cancellation  when  the  dominant  distortion  from 
the  MZMs  is  subtracted  [3]. 
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Fig.  7.  Output  power  versus  input  RF  power  from  the  two-tone  RF  spectrum.  (■)  with  slope  = 
1  represents  the  fundamental  signal  without  linearization,  and  (•)  with  slope  =  3  represents  the 
third  order  intermodulation  distortion  without  linearization,  (A)  with  slope  =  1  and  (▼)  with 
slope  =  5  are  the  fundamental  and  IMD5  signal  after  linearization  process.  It  is  note  that  the 
suppression  of  IMD3  has  not  been  optimized  with  [3  to  obtain  maximum  distortion  suppression. 
However,  the  SFDR  enhancement  of  ~7dB  in  above  experiment  was  determined. 


4.  Conclusion 

In  conclusion,  we  have  fabricated  and  examined  an  EO  polymeric  DPMZM  transmitter  for  a 
broadband  linearized  DSSC  coherent  analog  fiber  optic  link.  The  linearized  scheme  used 
involves  cancellation  of  the  IMD3  signal  to  produce  high  linearity.  By  adjusting  the  DC  bias 
of  the  components  in  the  DPMZM  transmitter,  the  observed  IMD3  product  of  the  MZMs  was 
almost  completely  eliminated  along  with  a  lOdB  reduction  in  the  fundamental.  This  proof-of- 
concept  experiment  illustrates  the  validity  of  making  a  linearized  modulator  for  a  coherent 
system  using  an  EO  polymeric  DPMZM  transmitter.  Because  of  the  use  of  a  balanced  detector 
in  this  coherent  link  approach,  the  RIN  noise  in  the  system  can  be  effectively  removed,  and 
the  SFDR  will  improve  directly  with  increasing  laser  power. 
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Photoassisted  Corona  Poled  YLD-124/ 
DRl-co-PMMA  Electrooptic  Device  Using 

Photoisomerization 

Seong-Ku  Kim,  Qibing  Pei,  Harold  R.  Fetterman,  Ben  C.  Olbright,  and  Larry  R.  Dalton 


Abstract — A  photoassisted  corona  poling  technique  (PACP)  was 
applied  to  a  binary  chromophore  system  that  was  composed  of 
YLD-124  and  DRl-co-PMMA  to  enhance  the  poling  efficiency  of 
an  electrooptic  (EO)  polymer  device.  The  DR1  chromophores  as 
a  photoaddressable  host  material  were  resonantly  irradiated  by  a 
polarized  pumping  green  laser  beam  at  a  wavelength  of  532  nm 
which  is  within  its  molecular  absorption  band.  This  process  caused 
the  DR1  chromophore ’s  reorientation  via  a  cis-trans  photoisomer¬ 
ization  process.  The  coupled  YLD-124  system’s  dipoles  were  then 
poled  with  the  assistance  of  a  static  electrical  field  applied  to  the  EO 
core  layer.  In  this  letter,  we  report  the  experimental  demonstra¬ 
tion  of  the  photoassisted  corona  poling  scheme  in  a  binary  chro¬ 
mophore  system  that  improved  Mach-Zehnder  optical  modulator 
performance  by  lowering  its  Vn.  It  was  shown  that  the  device’s 
was  reduced  by  21%-23%  compared  to  a  regular  device  that  was 
only  corona  poled  without  the  green  light  assistance. 

Index  Terms — Binary  chromophore  system,  electrooptic 
polymer,  optical  modulator,  optical  waveguide,  photoassisted 
corona  poling,  photoisomerization. 


I.  Introduction 

THE  orientation  of  dipolar  molecules  under  a  static  elec¬ 
tric  field  is  a  widely  utilized  technique  to  create  noncen- 
trosymmetric  polymer  materials  [1].  Two  types  of  static  field 
poling  techniques  usually  used  are  contact  electrode  poling  and 
corona  poling  methods.  In  particular,  the  corona  poling  consists 
of  applying  a  high  voltage  between  a  needle  point  and  a  bottom 
electrode  across  a  sample  to  be  poled.  The  positive  high  voltage 
initiates  a  corona  discharge  that  leads  to  ionization  of  the  sur¬ 
rounding  ambient  gas  and  the  deposition  of  the  positive  elec¬ 
tric  charges  at  the  surface  of  the  EO  core  film.  This  induces  a 
high  internal  electric  field  across  it.  The  corona  poling  method 
can  be  more  effective  when  cooperating  with  a  photoassisted 
poling  in  the  case  of  binary  chromophore  systems  consisting  of 
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DR-1-co-PMMA  (host) 

(a)  (b) 

Fig.  1.  Chemical  structure  of  the  binary  chromophore  system  [3],  [4]. 
(a)  YLD-124  (guest  chromophore);  (b)  DRl-co-PMMA  (host  material, 
side-chain  attached  DR1  chromophore  host,  Tg  =  125°C)  in  which  PMMA 
is  polymethylmetacrylate.  Tert-butyldimethylsilyl  (TBDMS)  groups  were 
attached  to  the  7r -conjugation  system  to  enhance  the  chromophore’s  solubility 
and  minimize  dipole-dipole  interactions  between  molecules  [5].  A  standard 
chromophore  loading  density  of  25%  by  weight  of  YLD-124  in  DRl-co-PMMA 
was  chosen.  About  16  wt%  of  DR1  chromophore  was  loaded  into  PMMA. 


a  guest  chromophore  doped  into  a  coupled  chromophore-con- 
taining  host  which  is  a  photoisomerizable  material  system. 

Photoassisted  poling  can  occur  at  temperatures  far  below 
[1],  [2]  or  slightly  below  Tg  [3],  [4]  when  the  nonlinear  chro¬ 
mophores  undergo  the  reversible  photoisomerization  in  the 
presence  of  a  direct  current  (dc)  field.  When  the  polar  order 
orientation  of  the  trans- isomer  occurs  via  the  photoinduced 
cis  — >  trans  thermal  relaxation,  an  efficient  polar  orien¬ 
tation  can  be  subsequently  built  after  successive  cycles  of 
trans  cis  isomerization  in  the  presence  of  a  static  field 
[1].  Essentially,  the  relaxation  from  the  optically  induced 
trans-cis-trans  isomerization  is  isotropic.  Using  laser  light 
polarized  orthogonal  to  the  poling  electric  field  permits  the 
chromophores  to  be  pumped  into  orientation  (Weigert  effect) 
[4]  where  their  optical  transition  matrix  is  zero  and  their  dipoles 
are  either  parallel,  or  antiparallel  to  the  applied  electric  poling 
field.  The  static  field  then  permits  the  poling  of  the  enhanced 
number  of  chromophores  available  with  dipoles  along  the 
applied  field.  Coupling  between  the  chromophores  in  the  binary 
system  then  transfers  the  orientation  to  the  guest  YLD-124 
molecules.  The  azobenzene  derivatives  is  a  very  well  known 
example  of  photoisomerizable  molecules,  resulting  in  such 
photoisomerization  of  N  =  TV  double  bond  as  shown  in  Fig.  1. 
The  photoassisted  poling  parameters  such  as  the  isomers’  ani- 
sometry,  pump  intensity,  polarization,  strength  of  poling  field, 
and  memory  of  the  molecular  orientation  during  isomerization 
must  be  considered  to  realize  the  optimized  device  fabrication 

[i]. 
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Fig.  2.  Top  and  cross-sectional  view  of  the  optical  push-pull  Mach-Zehnder 
modulator.  The  waveguide  width  and  etching  depth  are  of  4  and  0.2  //m,  re¬ 
spectively.  The  refractive  index  of  the  core  layer  was  1.58  at  a  wavelength  of 
1550  nm  [4],  and  the  thickness  of  each  layer  was  ~  2.5  fi  m,  respectively.  Some 
of  the  detailed  optical  properties  of  claddings  were  reported  in  [7]. 


Fig.  3.  Schematic  diagram  of  the  fabrication  procedure  for  photoassisted 
corona  poled  optical  device.  Noncentrosymmetric  polar  order  can  be  efficiently 
created  using  this  PACP  scheme.  Chromophores  whose  transition  dipole 
moment  is  not  perpendicular  to  the  polarization  direction  of  irradiated  light  are 
excited  across  the  EO  polymer  layer.  The  applied  electric  field  perpendicular  to 
the  light  polarization  plane  forces  a  polar  reorientation  of  the  molecules  along 
the  direction  of  the  corona  static  electric  field. 


Previously,  Prof.  L.  R.  Dalton’s  group  [3]  has  introduced  a 
binary  chromophore  organic  material,  which  demonstrates  that 
both  charge  transport  for  electronic  properties  and  charge  per¬ 
turbation  for  nonlinear  optical  properties  can  be  systematically 
modified.  A  binary  chromophore  system  such  as  shown  in  Fig.  1 
can  then  have  the  ability  to  enhance  the  poling  efficiency  of  the 
guest  chromophore  compared  to  regular  conventional  electric 
field  poling  of  the  same  material  when  a  polarized  light  is  uti¬ 
lized  to  selectively  excite  the  host  chromophores  [4].  This  is  a 
direct  result  of  the  coupling  between  the  guest  and  host  chro¬ 
mophores,  and  has  been  confirmed  through  the  in  situ  reflection 
ellipsometry  experiments  and  the  modified  attenuated  total  re¬ 
flection  (ATR)  measurements  [3],  [4]. 

In  this  letter,  the  photoassisted  corona  poling  (PACP)  of  a 
binary  chromophore  system  consisting  of  a  photo  address  able 
chromophore  host  (DRl-co-PMMA)  and  a  nonphotoad- 
dressable  guest  chromophore  (YLD-124)  is  experimentally 
introduced,  and  the  reduction  in  the  driving  voltage  by  21-23% 
was  demonstrated  at  a  wavelength  of  1550  nm. 

The  device  structure  and  fabrication  procedure  are  depicted 
in  Figs.  2  and  3.  The  core  film  was  prepared  from  solutions 
containing  0.12  g  of  dye  DRl-co-PMMA,  0.25  g  of  YLD-124 
chromophore,  and  1.72  g  of  solvent,  trichloroethane.  The 
mixture  was  stirred  at  room  temperature  (RT)  for  about  4  hours 
to  ensure  that  a  homogeneous  solution  was  present.  Spin 
coating  conditions  for  UV15LV  (lower  cladding,  n  =  1.503), 


Fig.  4.  Photoassisted  corona  poling  (PACP)  experimental  setup.  The  typical 
corona  needle-to-plane  distance  was  about  2.5  cm  and  the  applied  dc  voltage 
was  ~  6  KV.  Before  the  poling,  the  box  was  filled  with  nitrogen  gas  and  kept 
for  a  couple  of  hours  for  stabilization  of  gas  flow.  The  effective  area  for  the 
green  light  illumination  was  approximately  estimated  to  be  ~  6.28  cm2 . 


YLD-124/  DRl-co-PMMA,  and  UFC170A  (upper  cladding, 
n  =  1.488)  were  respectively  3200  rpm/30  sec,  700  rpm/2  sec, 
and  6000  rpm/40  sec  to  form  each  layer.  The  waveguide  pat¬ 
terns  were  defined  using  optical  photolithography  and  oxygen 
dry-etching.  After  the  core  layer  coating  (Fig.  3(c)),  the  film 
was  annealed  at  45° C  for  1  min  immediately  on  a  hot-plate. 

The  PACP  was  performed  as  depicted  in  Figs.  3(d)  and  4. 
The  EO  thin  films  were  placed  in  the  center  of  a  heater  with  and 
without  the  green  light  assistance.  The  substrate  temperature 
was  controlled  by  a  lab-made  heater  and  the  temperature  con¬ 
troller  (Omega,  model  CN3201).  A  25  fim  diameter  chromium 
wire  was  held  at  2.5  cm  above  the  film.  The  poling  current  was 
monitored  to  be  3-6  /iA  using  a  Keithley  485  current  meter,  and 
the  thin  film  was  heated  at  94°  C,  not  its  glass  transition  temper¬ 
ature,  to  permit  the  EO  molecules  set  to  freely  rotate  throughout 
the  coupling  between  their  permanent  dipole  and  the  static  field. 
During  the  poling,  a  heating  process  was  used  consisting  of  three 
steps.  The  sample  was  heated  up  at  6.7°C/min  from  room  tem¬ 
perature  to  94°  C  (Stepl),  and  kept  there  for  10  min  (Step  2),  and 
finally  reduced  to  RT  (Step  3).  For  the  photoassisted  poling,  the 
green  light  from  a  530  nm  laser  source  was  used  to  illuminate  the 
samples  for  30  sec  before  ending  the  poling  Step  2.  The  corona 
voltage  was  kept  at  6  KV  throughout  the  entire  procedure.  The 
PACP  process  was  done  in  a  nitrogen  purged  box.  In  this  exper¬ 
iment,  two  sets  of  modulators  in  which  each  set  was  consisted 
of  16  modulators  were  fabricated  and  diced  to  test  their  elec- 
trooptical  properties. 

The  TM  polarized  mode  optical  field  was  passed  through 
optics  to  expand  the  size  of  the  beam  diameter  as  shown  in 
Fig.  4.  Initially,  the  diameter  of  the  beam  was  a  spot  of  2  mm 
wide.  The  incident  beam  (Spectral-Physics,  Millennia  S  x  J, 
diode-pumped  CW  visible  laser,  A  =  532  nm,  max.  power  = 
15  Watt)  was  reflected  by  the  mirror  to  illuminate  the  wafer  sur¬ 
face  with  an  elliptical  effective  area.  The  incident  beam  was 
vertically  polarized  and  its  extinction  ratio  was  calculated  to  be 
~  20  dB.  The  polarized  green  light  was  irradiated  onto  the  film 
surface  at  an  angle  relative  to  the  surface  normal  (~  45°).  The 
high  voltage  corona  tip  and  the  heater  were  integrated  together 
in  a  nitrogen  purged  box.  The  initial  beam  was  1  W,  the  op¬ 
tical  loss  through  the  optic  lens  was  estimated  to  about  20%, 
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Fig.  5.  Low-frequency  electrooptic  response  of  the  PACPed  optical  polymer 
modulators  at  a  TM-polarized  1550-nm  wavelength,  (a)  Schematic  diagram  of 
the  fabricated  optical  modulator.  The  device  in  (b)  has  been  treated  by  photoas- 
sisted  poling,  (b)  and  (c)  exhibited  ~  10  V,  and  ~  13  V  of  V*,  respectively, 
(a)  MZ  modulator,  (b)  6-KV  1-W  Green  Laser,  (c)  6  KV  only. 


and  the  beam  intensity  on  the  illuminated  surface  was  calcu¬ 
lated  to  be  ~  100  mW/cm2.  This  green  light  irradiation  forces 
the  photoaddressable  chromophore  (DR1)  to  change  its  geomet¬ 
rical  shape  throughout  the  trans-cis  photoisomerization  mech¬ 
anism.  This  causes  the  DR1  molecules  to  be  reoriented  along 
with  the  axis  of  the  applied  electric  field.  Finally,  after  orien¬ 
tational  transfer  to  the  guest  chromophores  and  applied  static 
electric  poling,  the  induced  dipolar  polarization  was  locked  in 
place  when  the  sample  was  cooled. 

Due  to  the  strong  electrostatic  force  applied  to  the  film,  the 
charged  particles  may  carry  large  kinetic  energy  when  they  pass 
through  the  high  electric  potential  between  the  corona  and  the 
ground  electrode,  and  then  accumulated  on  the  film  surface.  In 
some  cases,  it  was  observed  that  the  accumulated  charges  on 
the  surface  of  the  polymer  thin  film  leads  the  surface  condition 
of  the  core  layer  to  be  a  hydrophobic  state,  such  that  the  upper 
cladding  could  not  cover  the  poling  area  where  it  was  strongly 
poled.  In  order  to  avoid  this  difficulty,  the  surface  of  the  sample 
was  slightly  dry-etched  to  get  rid  of  such  regions.  In  addition, 
the  poling  temperature  was  also  an  important  factor  that  can 
affect  the  surface  morphology  of  the  core  layer.  For  example, 
with  a  temperature  of  >  100°  C,  the  surface  of  the  thin  core 
layer  became  rippled  after  3-5  min  poling  with  6  KV  along  the 
green  light  illumination.  The  waveguides  were  then  found  to  be 
completely  damaged.  Throughout  this  experiment,  it  was  con¬ 
firmed  that  the  applied  corona  voltage,  substrate  temperature, 
and  poling  duration  were  critical  and  required  to  be  optimized. 

The  Vjr  measurement  setup  was  consisted  of  a  laser  source 
(ANDO,  AQ4321D  tunable  laser)  operating  at  a  1550  nm  wave¬ 
length,  a  PDA400  (THORLAB)  photodetector  with  a  HP8153 
power  meter,  an  Agilent  54624 A  oscilloscope,  and  an  HP33 14A 
function  generator  as  the  driving  source.  The  incident  power 
was  sent  to  a  4  ^m-diameter  small  core  fiber  that  was  butt  cou¬ 
pled  to  the  optical  waveguide  throughout  a  polarizer  (polaRITE, 
General  Photonics).  The  waveguide  output  was  sent  to  a  lens 
(x  40)  coupled  to  the  photodectector  head  or  to  an  infrared 
camera  (FIND-R-SCOPE  1800  nm,  85400  A,  Optical  Systems). 
The  output  signal  from  the  power  meter  was  displayed  on  a  dig¬ 
ital  oscilloscope.  Fig.  5  shows  the  modulation  curves  of  EO  MZ 
modulators  that  were  fabricated  using  two  chromophore  sys¬ 
tems,  YLD-124/DRl-co-PMMA.  The  total  device  length  was 
2.5  cm  and  the  measured  fiber- to-lens  was  ~  14  dB  for  TM 
polarization.  The  low  frequency  measurement  revealed  that  the 
driving  voltage  of  the  devices  poled  with  the  green  light  illu¬ 
mination  was  10.2-10.8  V;  while,  the  devices  without  the  light 


assistance  exhibited  13.0-13.1  V  in  a  single  driving  operation. 
This  implied  that  ~  21%  reduction  in  the  driving  voltage  can 
be  achievable.  This  improvement  can  be  explained  by  the  se¬ 
lectively  modification  of  the  host  order  subjected  to  the  PACP 
[4].  From  the  UV-visible  absorption  spectrum  of  unpoled  YLD- 
124/DRl-co-PMMA  matrix,  adding  YLD- 124  into  the  host  ma¬ 
terial  made  a  very  little  change  in  the  absorption  spectra  of 
the  DR1  chromophore,  meaning  that  the  environmental  homo¬ 
geneity  of  the  host  chromophores  is  not  altered.  The  enhance¬ 
ment  in  the  poling  efficiency  by  selective  poling  of  the  host  ma¬ 
terial  is  therefore  possible  as  reported  by  Prof.  L.  R.  Dalton’s 
group  [4].  Mathematically,  it  can  be  shown  that  the  7*33  coeffi¬ 
cient  is  only  a  function  of  the  molecular  density,  first  hyperpo¬ 
larizability  of  the  chromophores,  the  noncentro symmetric  order 
parameter,  and  local  field  effects  [4],  [6].  In  this  experiment,  two 
modulators  as  shown  in  Fig.  5  have  essentially  the  same  EO  ma¬ 
terial  in  the  core  and  the  cladding.  However,  only  the  device  in 
Fig.  5(b)  experienced  the  photoassisted  poling  procedure.  Thus, 
the  improvement  in  the  Vn  can  be  only  explained  due  to  the  or¬ 
dering  effects,  (cos3  0),  i.e.,  the  average  degree  of  order  induced 
among  dipolar  chromophores  [6].  Previously,  using  a  loading 
density  of  25  wt%  YLD-124  in  DRl-co-PMMA,  the  733  coeffi¬ 
cient  exceeded  over  1 00  pm/V  evaluated  from  a  modified  atten¬ 
uated  total  reflection  (ATR)  has  been  reported  [4].  However,  in 
a  real  device  fabricated  here  it  was  estimated  to  be  ~  20  pm/V 
which  is  far  below  the  predicted  one  due  to  the  poling  difficulty 
of  the  core  layer. 

In  conclusion,  by  taking  the  advantage  of  the  two  chro¬ 
mophore  system  subjected  to  both  optical  poling  and  corona 
poling,  the  device  poling  efficiency  in  binary  EO  polymer  ma¬ 
terials  can  be  increased  due  to  selectively  enhanced  host  order. 
In  this  letter,  the  supercooling  method  (flash  cooled  method)  [4] 
was  not  employed  to  maintain  the  maximum  EO  effect  during 
the  poling.  Therefore,  further  improvement  should  be  possible 
when  the  PACP  is  employed  with  supercooling  methods.  Fi¬ 
nally,  our  experimental  results  demonstrate  the  potential  of  the 
PACP  process  and  show  that  it  can  be  an  alternative  approach 
in  polymeric  EO  device  fabrication. 
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Abstract — In  this  letter,  we  report  results  of  direct  current  (dc) 
and  radio-frequency  (RF)  characteristics  of  self-assembled  InAs 
quantum-dot  (QD)  electrooptic  modulators.  Although  dc  modula¬ 
tion  results  have  been  reported  in  the  literature,  these  are  the  first 
high-frequency  designs  and  measurements.  These  QD  modulator 
wafers  were  grown  by  molecular  beam  epitaxy  (MBE)  and  phase 
modulator  devices  were  fabricated  with  coplanar  traveling-wave 
electrodes.  For  the  800-/xm-long  modulators,  the  half-wave  voltage 
Vjt  was  measured  as  11.4  V  at  1.55  fim  and  7.34  V  at  1.32  /im.  The 
phase  variation  is  21.9°/(mm*V).  The  linear  electrooptic  coefficient 
r4 1  is  calculated  to  be  35.4  pm/V  for  QDs.  These  modulators  have 
a  3-dB  bandwidth  of  10  GHz.  A  signal-to-noise  ratio  of  9  dB  was 
measured  at  20  GHz. 

Index  Terms — Electrooptic  modulator,  half-wave  voltage, 
quantum-dot  (QD)  modulator,  semiconductor  quantum  dots 
(QDs),  3-dB  bandwidth. 

I.  Introduction 

SEMICONDUCTOR  quantum  dot  (QD)  materials  have  at¬ 
tracted  intense  interest  for  making  electrooptic  modulators 
because  of  their  high  electrooptic  coefficient  (>20  pm/V)  due  to 
the  quantum  confined  stark  effect  (QCSE).  This  capability  can 
lead  to  devices  with  low-driving  voltages  and  high  speed  oper¬ 
ations.  Compared  with  widely-used  commercial  LiNi03  modu¬ 
lators,  the  semiconductor  QD  modulators  have  advantages  such 
as  small  size,  ability  to  integrate  with  other  photonic  devices  and 
potential  low  cost.  So  far,  several  groups  have  reported  dc  char¬ 
acteristics  for  QD  modulator  [l]-[4],  such  as  phase  retardation 
measurements  and  electrooptic  coefficient  measurements.  How¬ 
ever,  few  reports  have  been  made  on  high  frequency  (>5  GHz) 
characteristics.  In  terms  of  the  wavelength,  many  researchers 
have  focused  on  1.3  wavelength  using  the  electroabsorp¬ 
tion  effect  [2]-[4].  Research  at  1 .55  /im  has  just  started  in  recent 
years  using  the  electrooptic  effect  [1].  Electrooptic  modulators 
are  more  promising  comparing  with  electroabsorption  modula¬ 
tors  for  their  high  speed,  and  high  power  saturation. 

In  this  letter,  we  report  dc  characteristics  as  well  as  radio 
frequency  (RF)  measurements  of  the  QD  phase  modulators  at 
1.55  /i m.  The  half  wave  voltage  (V^)  is  11.4  V  for  the  800  fim 
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iV-GaAs  Substrate  350  fim 
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Fig.  1 .  (a)  Schematic  of  the  modulator  wafer  with  five  layers  of  QDs.  (b)  Pho¬ 
toluminescence  spectrum  for  the  QD  modulator  wafer. 

-long  modulator.  With  coplanar  waveguide  traveling-wave 
electrodes,  these  phase  modulators  have  a  3  dB-bandwidth 
of  10  GHz.  To  the  best  of  our  knowledge,  this  is  the  first 
high  frequency  report  on  QD  electrooptic  modulators.  These 
phase  modulators  show  great  potential  in  high  speed  photonic 
integrated  circuits. 

II.  Device  Structures  and  Fabrication 

The  QD  modulator  wafers  were  grown  by  MBE.  Fig.  1(a) 
shows  the  schematic  illustration  of  the  QD  modulator  structure. 
The  QD  wafers  were  grown  on  an  n-GaAs  (100)  substrate  fol¬ 
lowed  by  an  n-GaAs  buffer  layer,  two  n-Alo.3Gao.7As  cladding 
layers,  a  QD  active  region,  two  p-Alo.3Gao.7As  cladding  layers 
and  a  thin  p-GaAs  contact  layer.  The  QD  active  region  con¬ 
sists  of  5  stacked  InAs/InGaAs  QD  layers.  Each  layer  of  QDs 
is  formed  by  deposition  of  2.1  monolayer  (ML)  InAs  at  480°C. 
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Fig.  2.  (a)  Top  view  and  (b)  cross-section  view  of  the  QD  modulator. 

Fig.  1(b)  shows  the  photo  luminescence  (PL)  spectrum  of  the 
QD  wafer  at  room  temperature  300  K.  The  QD  PL  peak  is  at 
1215  nm,  which  is  ~335  nm  away  from  the  test  wavelength 
1.55  /im.  The  large  wavelength  separation  was  chosen  for  low 
absorption  loss  at  1.55  (± m.  Because  of  the  large  wavelength 
separation,  the  first  order  electrooptic  effect  (Pockels  effect) 
dominates,  leaving  the  second  order  (Kerr  effect)  negligible. 
There  is  another  PL  peak  around  900  nm,  which  is  attributed 
to  the  GaAs  emission.  From  Fig.  1(b),  we  can  see  that  the  QD 
PL  is  much  stronger  than  that  of  GaAs,  which  indicates  high 
quality  growth  of  the  QDs. 

The  QD  modulators  were  fabricated  with  p-contact  metal 
deposition,  waveguide  dry-etching,  n-contact  metal  deposition, 
BCB  polymer  coating,  BCB  dry-etching,  and  gold  electrode 
plating.  Standard  optical  ridge  waveguide  structures  were 
fabricated  in  these  QD  modulators.  The  ridge  width  varied 
from  3  (im  to  8  /im,  and  ridge  height  was  4  /im.  These  devices 
had  modulation  regions  of  800  /im  long.  The  top  view  and 
cross-section  view  of  the  phase  modulator  are  shown  in  Fig.  2. 
A  thick  BCB  polymer  layer  was  used  to  isolate  ground  and 
signal  electrodes  and  reduce  capacitance.  The  Electrode  was 
plated  to  be  ~800  nm  thick  to  reduce  microwave  attenuation 
from  the  gold  electrodes  and  facilitate  high  speed  operation. 
The  faces  of  the  modulators  are  cleaved  without  any  antireflec- 
tive  coatings. 

III.  Experiment  Setup  and  Results 

The  dc  modulation  experiment  setup  was  conducted  using  a 
polarizer  and  an  analyzer.  Laser  light  was  coupled  into  the  mod¬ 
ulator  through  a  lens  fiber,  and  the  emitted  light  was  gathered 
through  a  40  x  objective  lens.  The  income  light  was  linearly 
polarized  at  45°  relative  to  the  device,  which  gave  equal  ver¬ 
tical  and  horizontal  components  of  the  E-field  vector.  Another 
polarizer  was  placed  after  the  coupling  objective  lens  as  an  an¬ 
alyzer.  A  signal  generator  was  used  to  send  a  triangular  mod¬ 
ulation  to  the  phase  modulator  at  100  kHz.  The  Optical  signal 
was  detected  using  a  photodiode  detector,  and  was  displayed  on 
an  oscilloscope.  The  results  are  shown  in  Fig.  3.  The  half  wave 
voltages  =  11.4  V  were  measured  at  1.55  /im.  This  corre¬ 
sponds  to  less  than  1  V-cm  modulation  efficiency.  This  means 
that  for  a  2-mm-long  Mach-Zehnder  modulator  using  push-pull 


(a) 


(b) 

Fig.  3.  (a)  DC  modulation  characteristics  at  1.55  //m  and  (b)  dc  modulation 
characteristics  at  1.32  fi m. 

drive,  the  half  wave  voltage  can  be  reduced  to  less  than  2.5  V, 
and  reverse  bias  voltage  can  be  also  reduce.  This  is  an  impor¬ 
tant  result  for  low  driving  voltage  applications.  We  also  mea¬ 
sured  =  7.34  V  at  1.32  /im.  As  the  operation  wavelength 
becomes  closer  to  fluorescence  peak,  reduces  rapidly. 

Using  similar  method  described  in  [2],  we  measured  phase 
variation  per  millimeter  as  a  function  of  reverse  bias  voltage, 
and  the  result  is  shown  in  Fig.  4.  A  slope  of  2 1 .9°  per  millimeter 
per  volt  was  measured.  The  phase  variation  is  ~70%  larger  than 
the  number  in  [1].  We  obtained  an  excellent  linear  fit  curve, 
which  indicates  our  assumption  that  the  linear  Pockels  effect  is 
present  with  negligible  second  order  Kerr  effect  is  correct.  The 
linear  electrooptic  coefficient  r^D  was  extracted  by  fitting  the 
data  using  (1) 

A$  =  (rQD4D  +  rGaAsrUAs)  e  (i) 

Where  A4>  is  the  phase  retardation  by  electrooptic  effect,  no  is 
the  average  refractive  index,  E  is  the  electric  field  in  the  un¬ 
doped  region,  Tqd  and  TcaAs  are  the  confinement  factors  for 
QD  layers  and  GaAs  buffering  layers,  and  r 2°  and  rf^As  are 
the  linear  electrooptic  coefficients  for  QD  and  GaAs.  The  elec¬ 
trooptic  coefficient  r^D  =  35.4  pm/V  is  significantly  larger 
than  that  of  GaAs  bulk,  which  is  ~1.3  pm/V.  This  data  also 
agrees  with  the  data  (34  pm/V)  in  [1]. 

The  high  frequency  measurement  setup  is  shown  in  Fig.  5(a). 
The  1.55  /im  laser  light  was  coupled  into  and  out  of  the  modu¬ 
lator  both  through  lens  fibers,  and  a  HP  8350a  sweep  oscillator 
was  used  to  generate  the  RF  modulation.  The  RF  modulation 
signal  was  amplified  1 0  dBm  in  power  with  a  RF  amplifier,  and 
then  combined  with  a  reverse  dc  bias  (—4  V)  using  a  bias  tee.  A 
40  GHz-bandwidth  GSG  probe  was  employed  to  send  the  mod¬ 
ulation  signal  to  the  devices.  The  optical  signal  was  detected 
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Fig.  4.  Phase  varies  as  a  function  of  bias  at  1 .55  pm.  Solid  line  is  experimental  pig.  6.  Measured  frequency  response  of  the  QD  modulator, 
data.  Dashed  line  is  linear  fit  of  experimental  data. 
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Fig.  5.  (a)  Experiment  setup  for  high-frequency  measurement,  (b)  Measured 
optical  signal  at  20  GHz. 


through  a  high  speed  photodetector,  and  amplified  through  two 
low  noise  amplifiers.  The  result  was  plotted  on  a  HP  8566B  RF 
spectrum  analyzer.  Optical  signals  can  be  detected  from  2  to 
20  GHz  using  this  setup.  Fig.  5(b)  shows  the  optical  signal  inten¬ 
sity  measured  at  20  GHz.  A  signal  to  noise  ratio  of  ~9  dB  was 
detected.  This  demonstrates  our  QD  modulators  can  be  poten¬ 
tially  used  up  to  20  GHz.  We  also  evaluated  the  insertion  loss  by 
measuring  different  lengths  of  devices  with  same  coupling  con¬ 
dition,  and  the  insertion  loss  is  ~6.5  dB/mm.  The  insertion  loss 
is  mainly  due  to  the  aggregate  scattering  loss  from  waveguide 


sidewalls  and  the  QDs.  The  loss  can  be  significantly  reduced  by 
optimizing  device  fabrication  process  and  the  QD  MBE  growth. 

The  frequency  response  was  measured  with  a  network  ana¬ 
lyzer  (HP8720ES),  a  high-speed  photodetector,  and  a  low-  noise 
amplifier.  A  calibration  run  was  done  including  all  the  wires 
and  RF  amplifiers.  The  result  is  shown  in  Fig.  6.  We  obtain  a 
3  dB-bandwidth  of  /_3  dB  =  10  GHz.  The  roll-off  is  mainly 
due  to  the  microwave  attenuation  and  ohmic  losses  in  the  gold 
electrodes.  The  velocity  mismatch  between  microwave  signal 
and  optical  signal  is  small  as  a  result  of  the  short  electrodes. 

IV.  Conclusion 

We  have  grown  and  fabricated  QD  electrooptic  phase  modu¬ 
lators  on  GaAs  substrate.  is  11.4  V  at  1.55  fim  and  7.34  V 
at  1.32  fim  for  an  800  ^m-long  device.  By  making  the  device 
longer  with  a  push-pull  drive,  can  be  significantly  reduced. 
The  phase  variation  is  measured  to  be  21.9°/(mm-V),  and  the 
electrooptic  coefficient  35.4  pm/V.  These  modulators  show  a 
3  dB-bandwidth  of  10  GHz  and  an  optical  signal  to  noise  ratio 
of  9  dB  at  20  GHz.  The  insertion  loss  for  the  QD  material  is 
~6.5  dB/mm. 
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Abstract:  we  report  new  high  frequency  In(Ga)As  traveling-wave  quantum  dot  (QD)  phase 
modulators  with  3dB-bandwidths  of  over  10GHz.  For  InGaAs  QD  chain  modulators,  the  half¬ 
wave  voltages  are  4.84V  and  5.31V  along  [Oil]  and  [01-1]  directions. 

OCIS  codes:  (130.4110)  Modulators;  (250.7360)  Waveguide  modulators 

1.  Introduction 

Semiconductor  quantum  dot  (QD)  materials  have  become  more  and  more  attractive  for  making  high  speed 
electrooptic  (EO)  modulators.  It  has  been  reported  that  QD  materials  have  shown  large  EO  effect  due  to  the  quantum 
confined  Stark  effect  (QCSE)  [1,2].  Recent  results  have  shown  that  the  InGaAs  QDs  can  be  vertically  and  laterally 
aligned  [3-5].  QD  chains  arranged  along  [01-1]  direction  have  observed  in  the  growth  of  multilayers  of  QDs  on 
GaAs  (100).  The  formation  mechanism  is  related  to  the  surface  diffusion  and  strain  relaxation  during  the  growth  [3- 
5].  The  inter-dot  coupling  along  the  QD  chain  [01-1]  is  much  stronger  than  along  [Oil].  The  QD  wavefunctions 
become  anisotropic  along  different  directions,  and  eventually  lead  to  different  device  performances.  Most  of  the  QD 
modulator  research  in  literature  focused  on  low  frequency  or  DC  response  [1,  2].  In  the  present  paper,  we  extended 
the  traditional  InAs  QD  modulators  to  high  frequency  traveling-wave  configurations.  These  modulators  show  3dB- 
bandwidths  of  over  10GHz.  Next,  we  applied  the  high  frequency  traveling-wave  designs  to  new  InGaAs  QD  chain 
material  structures,  and  the  anisotropic  properties  of  devices  fabricated  along  different  directions  were  observed. 

2.  QD  growth  and  device  fabrication 

The  two  QD  modulator  structures  we  examined,  as  shown  in  Fig.  1,  are  grown  on  an  n-GaAs  (100)  substrate  by 
molecular  beam  epitaxy  (MBE).  The  active  region  consists  of  multi-layers  of  stacked  QDs  clad  by  GaAs  separate 
confinement  GaAs  heterostructures  (SCH)  sandwiched  between  AlGaAs  cladding  layers.  Fig.  1  (a)  shows  the 
traditional  InAs  QD  structures  having  a  undoped  active  region  consisting  of  5  stacked  InAs  QD  layers.  Fig.  1  (b)  is 
the  new  InGaAs  QD  chain  structures,  which  consists  of  16  layers  of  InGaAs  QDs. 

Fig.  2  shows  the  photoluminescence  (PL)  spectra  of  the  QD  wafers  at  room  temperature  300K.  The  InAs  QD  PL 
peak  is  at  1215nm  as  shown  in  Fig.  2.  (a).  Fig.  2  (b)  shows  the  PL  for  InGaAs  QD  chain  modulator  wafer.  From  Fig. 
2  (b),  the  PL  intensity  along  [01-1]  is  ~10%  higher  than  that  of  the  [011]  direction.  This  means  PL  intensity  is  higher 
along  the  QD  chain  direction,  and  consistent  with  the  EO  effects  we  measured.  The  PL  peaks  for  these  devices  are 
far  away  from  the  operation  wavelength  1.55pm  to  reduce  absorption  loss. _ 
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Fig.  1.  (a)  Schematic  of  the  InAs  QD  modulator  wafer  (b)  Schematic  of  the  InGaAs  QD  chain  modulator  wafer 
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The  QD  modulators  were  fabricated  with  p-contact  metal  deposition,  waveguide  dry-etching,  n-contact  metal 
deposition,  BCB  polymer  coating,  BCB  dry-etching,  and  gold  electrode  plating.  Standard  optical  ridge  waveguide 
structures  were  fabricated  in  these  QD  modulators.  The  ridge  width  varied  from  3  pm  to  10pm,  and  ridge  height  was 
-4pm.  The  atomic  force  microscopy  (AFM)  picture  of  the  QD  chain  wafer  is  shown  in  Fig.  3  (a).  From  Fig.  3  (a), 
the  QD  chains  are  clearly  aligned  along  [01-1],  and  the  wafer  is  no  longer  symmetric.  The  cross-section  view  of  the 
phase  modulators  are  shown  in  Fig.  3  (b).  A  thick  BCB  polymer  layer  was  used  to  isolate  ground  and  signal 
electrodes  and  reduce  capacitance. 
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Fig.  3.  (a)  AFM  image  of  the  InGaAs  QD  chain  structure  (b)  Cross-section  view  of  the  phase  modulator 


3.  Experiment  Setup  and  Results 

The  DC  modulation  experiment  setup  was  conducted  using  a  polarizer  and  an  analyzer.  Laser  light  was  coupled  into 
the  modulator  through  a  lens  fiber,  and  the  emitted  light  was  gathered  through  a  40X  objective  lens.  The  income 
light  was  linearly  polarized  at  45  °  relative  to  the  device,  which  gave  equal  vertical  and  horizontal  components  of 
the  E-field  vector.  Another  polarizer  was  placed  after  the  coupling  objective  lens  as  an  analyzer.  A  signal  generator 
was  used  to  send  a  triangular  modulation  to  the  phase  modulator  at  100kHz.  The  Optical  signal  was  detected  using  a 
photodiode  detector,  and  was  displayed  on  an  oscilloscope. 

We  initially  measured  the  modulation  efficiency  of  -9.0V  •  mm  for  800pm-long  InAs  QD  modulators.  Next  we 
tested  InGaAs  QD  chain  modulators  arranging  along  different  directions,  and  the  results  are  shown  in  Fig.  4. 
Forl.5mm-long  InGaAs  QD  chain  modulators,  the  half  wave  voltage  is  4.84V  along  [Oil]  direction,  and  5.31V 
along  [01-1]  direction.  The  correspondent  modulation  efficiencies  are  -7.3V  •  mm  and  -8.0V  •  mm.  This  means 
that  for  a  2mm-long  In(Ga)As  Mach  Zehnder  modulator  using  push-pull  drive,  \K  can  be  reduced  to  less  than  2.5V. 
Therefore,  QD  modulators  are  potentially  suitable  for  low  drive-voltage  applications. 

The  half  wave  voltage  \n  is  inverse  proportional  to  EO  coefficient,  and  the  polarization  plane  is  perpendicular  to 
the  light  traveling  direction.  By  comparing  the  experiment  results  in  Fig.  4  (a)  and  Fig.  4  (b),  the  EO  coefficient  r4i 
along  [01-1]  is  -10%  higher  than  that  along  [011]  direction.  As  a  result,  devices  fabricated  along  [011],  in  which 
light  is  polarized  along  [01-1],  are  desirable  because  of  the  lower  modulation  voltage.  To  further  reduce  Vrt,  longer 
QD  chains  are  preferred.  This  requires  improving  the  QD  growth  conditions.  We  also  evaluated  the  insertion  loss  by 
comparing  the  total  losses  for  devices  with  different  lengths,  and  the  insertion  loss  is  -6.5dB/mm  for  InAs  QD 
modulators.  The  insertion  loss  reduces  to  4.4dB/mm  for  InGaAs  QD  chain  modulators  due  to  optimizing  device 


fabrications.  The  insertion  loss  is  mainly  due  to  the  aggregate  scattering  loss  from  waveguide  sidewalls  and  the  QDs. 


Fig.  4.  The  half-wave  voltage  measurement  for  4pm-wide  1.5mm-long  device  (a)  [Oil]  modulator,  Vn=4.84V  (b)  [01-1]  modulator, 


The  frequency  response  was  measured  with  a  network  analyzer  (HP8720ES),  a  high-speed  photodetector,  two 
low-noise  amplifiers  and  a  40GHz  GSG  probe.  Calibration  runs  are  included  to  eliminate  the  influences  from  the 
cables  and  RF  amplifiers,  and  the  measurement  results  are  shown  in  Fig.  5.  The  3dB-bandwidth  bandwidth  is 
-lOGFIz  for  800pm-long  InAs  QD  modulators,  and  is  -12.2GFIz  for  800pm-long  InGaAs  QD  chain  modulators. 
The  improvement  for  QD  chain  modulators  is  mainly  due  to  the  better  electrode  fabrication  which  reduces  the  ohmic 
loss  in  the  gold  electrodes.  As  the  3dB-bandwidth  is  mainly  determined  by  the  electrode  design,  there  is  no 
significant  difference  between  [Oil]  and  [01-1]  modulators.  The  roll-off  is  mainly  due  to  the  ohmic  losses  in  the  n 
conducting  layers  and  the  gold  electrodes. 


Fig.  5  Frequency  response  for  the  800pm-long  QD  modulators,  (a)  InAs  QD  chain  modulator  (b)  InGaAs  QD  chain  modulator 


4.  Conclusion 

In  conclusion,  we  have  designed,  fabricated,  and  demonstrated  traveling-wave  InAs  QD  modulators  and  new 
InGaAs  QD  chain  modulators.  Our  experimental  results  show  that  the  3dB-bandwidths  of  these  QD  modulators  are 
over  10GHz,  and  are  limited  by  the  electrode  losses.  The  anisotropic  properties  of  devices  fabricated  along  different 
directions  are  observed  for  QD  chain  modulators.  The  EO  effect  is  -10%  higher  along  QD  chain  [01-1]  direction. 
The  modulation  efficiencies  are  -7.3V  •  mm  for  [Oil]  modulators  and  -8.0V  •  mm  [01-1]  modulators.  By  making 
device  longer  and  using  push-pull  drive,  the  half  wave  voltage  V^  can  be  reduced  to  less  than  2.5V  for  Mach 
Zehnder  modulators.  Therefore,  In(Ga)As  QD  modulators  are  potentially  suitable  for  low  drive-voltage  and  high 
speed  applications  and  substantial  improvements  can  be  obtained  by  new  material  configurations. 
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